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EXECUTIVE  SUMMARY 


The  Eisenhower  and  Snell  Locks  were  constructed  between  1955  and  1958  as 
part  of  an  international  cooperative  effort  to  build  the  Saint  Lawrence  Seaway.  In 
February  1990,  the  Saint  Lawrence  Seaway  Development  Corporation  (SLSDC) 
requested  the  Corps  of  Engineers  (CE),  through  an  Intergovernmental  Agency  Agree¬ 
ment,  to  perform  a  structural  evaluation  study  of  these  two  locks  to  determine  the 
adequacy  of  the  existing  locks  considering  present  conditions  and  future  needs,  and  to 
determine  the  advisability  of  their  rehabilitation.  The  study  focuses  on  the  internal 
structural  integrity  of  the  chamber  wall  monoliths  at  each  lock. 

The  study  consisted  of  three  phases: 

a.  Phase  I  -  Field  Investigation  and  Laboratory  Testing  Program:  This  phase 
of  the  study  explored  the  current  state  of  the  in  situ  concrete  in  the  chamber 
wall  monoliths  and  determined  the  concrete  properties  needed  for  the  stress 
analyses  in  the  subsequent  phases  of  the  study. 

b.  Phase  II  -  Static  Stress  Analysis:  In  this  phase  of  the  study,  the  state  of 
stress  within  the  chamber  wall  monoliths  is  examined  by  performing 
nonlinear,  two-dimensional,  soil-structure  Interaction  finite  element  analyses 
of  two  monoliths  at  Eisenhower  Lock  and  one  monolith  at  Snell  Lock. 

c.  Phase  II  -  Seismic  Stress  Analysis:  Dynamic  finite  element  analyses  of  two 
monoliths  are  performed  to  assess  their  structural  integrity  during  an  earth¬ 
quake.  To  support  the  dynamic  analysis,  a  geological-seismological  investi¬ 
gation  was  conducted  to  provide  the  ground  motions,  time  histories,  and 
corresponding  response  spectra  that  could  be  expected  during  a  seismic 
event  In  the  region. 

After  an  initial  visual  inspection  of  the  locks,  approximately  750  lin  ft  of  6-in.- 
diam  cores  were  taken  for  the  laboratory  testing  program  to  .support  the  static  and 
seismic  analyses.  Portions  of  the  cores  were  subjected  to  physical  testing  to  develop 
parameters  for  the  static  and  seismic  analyses.  The  physical  testing  for  the  concrete 
consisted  of  unconfined  compressive  strength,  Poisson’s  ratio,  elastic  modulus, 
splitting  tensile  strength,  specific  gravity,  absorption,  voids,  and  ultrasonic  pulse 
velocity.  Petrographic  examinations  of  three  specimens  were  conducted  on  the  in- 
place  concrete  from  Eisenhower  and  Snell  Locks. 

Three  typical  concrete  chamber  wall  monoliths  were  analyzed:  a  north  and  a 
south  wall  at  Eisenhower  and  a  north  wall  at  Snell.  Each  monolith  was  analyzed  for 


three  loading  conditions:  normal  operation  with  upper  pool  in  the  chamber,  normal 
operation  with  lower  pool  in  the  chamber,  and  the  maintenance  condition  with  the 
chamber  fully  dewatered.  For  static  loading  and  with  the  current  condition  as 
analyzed,  the  chamber  wall  monoliths  at  Eisenhower  and  Snell  Locks  show  no  evi¬ 
dence  of  being  overstressed.  The  results  of  the  static  analyses  show  that  the 
chamber  wall  monoliths  have  tensile  stresses  below  200  psi  and  compressive  stresses 
less  than  1 ,000  psi.  These  stress  levels  are  below  any  of  the  strengths  determined 
from  the  laboratory  testing  program  (390  psi  for  tensile  splitting  tests  and  3,660  psi  for 
compression  tests).  The  highest  stresses  under  static  loading  are  in  areas  of  low 
strength  as  determined  in  the  testing  program.  If  for  some  reason  the  cross  sectional 
area  Is  significantly  reduced,  such  as  concrete  deterioration  as  found  in  the  history  of 
Eisenhower  Lock,  the  structural  integrity  would  be  in  question.  It  is  important  for  the 
SLSDC  to  maintain  an  aggressive  maintenance  program  of  replacing  deteriorated 
concrete.  In  the  near  future,  attention  should  be  given  to  the  repair  of  deteriorated 
concrete  near  the  bottom  of  the  lock  walls  at  Eisenhower  Lock. 

For  the  seismic  analysis,  a  geological-seismological  investigation  was  con¬ 
ducted  to  find  the  strongest  motions  that  the  locks  could  expect  to  experience.  There 
were  no  active  faults  either  at  the  Eisenhower  or  Snell  Lock  sites  or  in  the  general 
area.  The  locks  were  determined  to  be  in  a  high  seismic  area  termed  the  Massena 
zone.  The  zone  was  given  a  floating  earthquake  of  Modified  Mercalli  (MM)  intensity  of 
VIII  which  is  the  threshold  of  damage  to  properly  built  structures.  Parameters  for  a 
Maximum  Credible  Earthquake  (MCE)  were  assigned  as  horizontal  peak  motions  of 
0.83  g  for  acceleration,  35  cm/sec  for  velocity,  and  12.4  sec  for  duration.  The  Operat¬ 
ing  Basis  Earthquake  (OBE)  was  assigned  0.46  g,  24  cm/sec,  and  8.8  sec, 
respectively.  A  set  of  six  accelerograms  with  response  spectra  was  selected  for  use 
in  the  seismic  analyses. 

A  response  spectra  seismic  analysis  was  performed  for  a  north  chamber  wall 
monolith  at  Eisenhower.  For  both  the  OBE  and  MCE  conditions,  catastrophic  failure 
of  the  lock  wall  is  unlikely  to  occur.  No  damage  should  occur  during  the  OBE  event 
with  a  maximum  principal  stress  of  300  psi.  There  is  a  possibility  of  damage  to  the 
structure  during  the  MCE  event  near  the  top  of  the  structure  where  the  sloping  face 
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transitions  into  a  vertical  face.  If  damage  does  occur  during  the  MCE  event,  no  more 
than  about  5  to  10  percent  of  the  section  would  be  damaged.  Since,  the  MCE  event 
has  a  low  likelihood  of  occurrence  and  the  damage  level  is  low,  it  would  be  prudent  to 
wait  and  make  repairs  to  the  chamber  walls  if  such  an  earthquake  event. 
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PREFACE 


The  Waterways  Experiment  Station  (WES),  US  of  Army  Corps  of  Engineers, 
was  authorized  to  conduct  this  study  by  the  US  Army  Engineer  District,  Buffalo  on 
12  February  1990  by  DA  Form  2544,  Number  NCB-DA-90-16EJ. 

Mr.  Reed  L.  Mosher,  Computer-Aided  Engineering  Division  (CAED),  Information 
Technology  Laboratory  (ITL),  WES,  was  the  Project  Manager  for  the  study.  He  was 
also  the  Principal  Investigator  for  the  static  stress  analysis  and  the  primary  author  for 
this  report.  Messrs.  Michael  Pace  and  Kevin  Abraham,  both  of  CAED,  helped  in  per¬ 
forming  the  static  stress  analysis.  Mr.  Tommy  L.  Bevins,  Structural  Analysis  Group 
(SAG),  Structural  Mechanics  Division  (SMD),  Structures  Laboratory  (SL)  performed  the 
seismic  stress  analysis  under  the  direction  of  Dr.  Robert  L.  Hall,  Chief,  SAG,  SMD,  SL. 
Mr.  Bevins  authored  the  section  of  this  report  describing  the  seismic  analysis. 

Mr.  Billy  D.  Neeley,  Application  Group  (AG),  Engineering  Mechanics  Branch,  (EMB), 
and  Dr.  Robert  H.  Denson,  formerly  of  Engineering  Sciences  Branch  (ESB),  Concrete 
Technology  Division,  SL,  supervised  the  laboratory  testing  program.  They  were 
assisted  by  Messrs.  Percy  Collins,  AG,  Michael  Lloyd,  AG,  Roy  C.  Gill,  Cement  and 
Pozzolan  Group,  ES,  Sam  Wong,  Engineering  Material  Group  (EMG),  Ms.  Judy  Tom, 
EMG,  and  Ms.  Linda  Mayfield,  Applied  Mechanics  Group,  EM.  Mr.  Neeley  authored 
the  section  of  this  report  describing  laboratory  test  results.  Ms.  Eileen  M.  Glynn,  Rock 
Mechanics  Branch  (RMB),  Soil  and  Rock  Mechanics  Division  (SRMD),  Geotechnical 
Laboratory  (GL),  logged  the  core  and  supervised  drilling  operation  at  Eisenhower  and 
Snell  Locks.  Dr.  E.  L.  Krinitzsky,  Earthquake  Engineering  and  Geosciences  Division 
(EEGD),  GL,  conducted  a  geological-seismological  investigation  to  find  the  strongest 
motions  for  the  seismic  analysis. 

COL  Larry  B.  Fulton,  EN,  was  Commander  and  Director  of  WES  during  the 
preparation  of  this  report.  Dr.  Robert  W.  Whalin  was  Technical  Director. 
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CONVERSION  FACTORS,  NON-SI  TO  SI  (METRIC) 
UNITS  OF  MEASUREMENT 


Non-SI  units  of  measurement  used  in  this  report  can  be  converted  to  SI  (metric)  units 


as  follows: 

_ Multiply _ 

degrees  (angle) 

Fahrenheit  degrees 

feet 

inches 

kips  (force) 

miles  (US  statute) 

pounds  (force)  per  square  foot 

pounds  (force)  per  square  inch 

pounds  (mass)  per  cubic  foot 


_ By _ 

0.01745329 

5/9 

0.3048 

2.54 

4.448222 

1.609347 

47.88026 

6.894757 

16.01846 


_ To  Obtain _ 

radians 

Celsuis  degrees  or  Kelvins* 

metres 

centimetres 

kilonewtons 

kilometres 

pascals 

kilopascals 

kilograms  per  cubic  metre 


*  To  obtain  Celsius  (C)  temperature  readings  from  Fahrenheit  (F)  readings,  use  the 
following  formula:  C  =  (5/9)  (F-32).  To  obtain  Kelvin  (K)  readings,  use;  K  =  (5/9) 
(F.32)  +  273.15. 
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STRUCTURAL  EVALUATION  OF  EISENHOWER 
AND  SNELL  LOCKS,  SAINT  LAWRENCE 
SEAWAY,  MASSENA,  NEW  YORK 


PARTI:  INTRODUCTION 

1.  The  Eisenhower  ano  Snell  Locks  were  constructed  belv^een  1955  and  1958 
as  part  of  an  international  cooperative  effort  to  build  the  Saint  Lawrence  Seaway. 

The  US  portion  of  the  project  was  authorized  by  the  Wiley-Dondero  Act  of  13  May 

1 954.  This  act  also  created  the  Saint  Lawrence  Seaway  Development  Corporation 
(SLSDC)  to  construct,  operate,  and  maintain  the  locks.  SLSDC  contracted  with  the 
Corps  of  Engineers  (CE)  to  design  and  construct  these  locks.  The  CE  has  had  a  long 
history  of  providing  engineering  and  review  assistance  to  the  SLSDC  for  the  two  locks. 
The  SLSDC  requested  the  CE  through  an  Intergovernmental  Agency  Agreement 
(Appendix  A.)  to  preform  a  structural  evaluation  study  of  the  two  locks  and  prepare  a 
report  detailing  the  findings  of  the  study.  The  US  Army  Engineer  Buffalo  District 
(NCB)  has  overall  responsibility  for  the  study’s  coordination  and  project  managing. 

Purpose  and  Scope 

2.  The  purpose  of  the  structural  evaluation  of  Eisenhower  and  Snell  Loc^.^  is 
determine  the  adequacy  of  the  existing  locks  considering  present  condition  and  future 
needs,  and  to  determine  the  advisability  of  their  rehabilitation.  The  scope  of  this  study 
focuses  on  the  internal  structural  integrity  of  the  chamber  wall  monoliths  at  each  lock. 
The  study  reviewed  the  history  of  the  Saint  Lawrence  Seaway  Development  Corpora¬ 
tion’s  (SLSDC)  structural  repairs  to  these  monoliths  and  evaluated  the  monoliths’  cur¬ 
rent  internal  condition  based  on  field  investigations  and  detailed  finite  element  analy¬ 
ses  for  both  static  and  seismic  conditions.  Previous  reports,  including  the  Gannet 
Fleming  reports,  were  reviewed  to  identify  pertinent  information  and  acceptable  exist¬ 
ing  data  for  use  in  the  current  evaluation. 


5 


3.  The  study  is  divided  into  three  phases: 

a.  Phase  I  -  Field  Investigation  and  Laboratory  Testing  Program:  This 
phase  of  the  study  explored  the  current  state  of  the  in-situ  concrete  in 
the  chamber  wall  monoliths  and  determined  the  concrete  properties 
needed  for  the  stress  analyses  in  the  subsequent  phases  of  the  study. 

b.  Phase  II  -  Static  Stress  Analysis:  In  this  phase  of  the  study,  the  state  of 
stress  within  the  chamber  wall  monoliths  is  examined  by  performing 
nonlinear  two-dimensional  soil-structure  interaction  finite  element  analy¬ 
ses  of  two  monoliths  at  Eisenhower  Lock  and  one  monolith  at  Snell  Lock. 

c.  Phase  II  -  Seismic  Stress  Analysis:  Dynamic  finite  element  analyses  of 
two  monoliths  are  performed  to  assess  their  structural  integrity  during  an 
earthquake.  To  support  the  dynamic  analysis,  a  geological-seismological 
investigation  was  conducted  to  provide  the  ground  motions,  time  histo¬ 
ries,  and  corresponding  response  spectra  that  could  be  expected  during 
a  seismic  event  in  the  region. 


Detail  Scope  of  Work 


4.  In  this  section,  the  general  scope  of  work  presented  in  the  Intergovernmen¬ 
tal  Agency  Agreement  is  expanded. 

Phase  I  -  Field  investigation 
and  laboratory  testing  program 

5.  The  field  investigation  and  laboratory  testing  program  were  conducted  to 
provide  the  necessary  parametric  data  to  support  the  static  and  seismic  analyses. 

The  Mobile  District  conducted  the  drilling  operation.  Continuous  six  inch  diameter 
cores  were  obtained  from  vertical  core  borings  made  at  six  representative  locations. 
Four  core  borings  were  made  at  Eisenhower  Lock  (in  monoliths  -  N53,  N57,  S19,  and 
S17)  and  two  at  Snell  Lock  (in  monoliths  -  N56  and  S15).  Each  boring,  except  N56  at 
Snell,  was  approximately  125  ft  deep  and  penetrated  10  to  15  ft  into  the  bedrock 
beneath  the  locks  to  check  for  any  unknown  rock  cavities.  Boring  N56  extended  only 
74  ft  from  the  top  of  the  wall.  A  total  of  approximately  750  lin  ft  of  6-in.  diam  core 
were  obtained.  Core  drilling  was  performed  from  the  top  of  the  lock  walls.  For 
monoliths  N53  and  N57  at  Elsenhower  Lock  and  N56  at  Snell  Lock,  the  borings  were 
located  approximately  4  ft  from  the  face  of  the  lock  wall  to  avoid  the  cable  gallery.  All 
borings  were  located  to  ensure  no  interference  with  the  main  culvert  or  any  ports  for 
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filling  and  emptying.  All  coring  was  accomplished  with  a  single  drill  rig  and  with  only 
one  mobilization.  Mobile  District  provided  a  borehole  camera  that  was  used  to  visually 
inspect  the  existing  conditions  of  the  concrete  and  rock  core  holes.  WES  had  a  field 
representative  on  site  to  log  and  inspect  the  cores.  All  cores  were  wrapped  with 
material  to  resist  drying.  The  cores  were  stored  on  site  in  space  provide  by  SLSDC. 

6.  Two  additional  core  borings  were  made  at  Eisenhower  Lock  in  monoliths 
S19  and  S17.  These  borings  were  located  as  close  as  possible  to  the  back  of  the 
walls  and  were  extended  to  a  depth  of  approximately  20  ft.  These  borings  were  used 
to  investigate  the  possibility  of  the  existence  of  a  crack  near  the  top  of  the  wall  where 
the  back  of  the  walls  change  slope. 

7.  Once  the  coring  was  complete,  samples  were  selected  and  shipped  to  WES 
for  laboratory  testing.  The  laboratory  testing  program  consisted  of  tests  to  find  uncon¬ 
fined  compressive  strength,  Poisson’s  ratio,  elastic  modulus,  splitting  tensile  strength, 
specific  gravity,  absorption,  voids,  and  ultrasonic  pulse  velocity  along  with  direct  shear 
tests  and  petrographical  examination  for  the  concrete.  For  rock  the  testing  program 
consisted  of  tests  to  find  unconfined  compressive  strength,  Poisson’s  ratio,  elastic 
modulus,  and  ultrasonic  pulse  velocity  along  with  several  direct  shear  tests  at  the 
interface  between  the  concrete  and  rock. 

Phase  II  -  Static  stress  analysis 

8.  The  static  stress  analysis  phase  focused  on  the  evaluation  of  internal  struc¬ 
tural  integrity  of  the  chamber  wall  monoliths  at  Eisenhower  and  Snell  Locks.  Of 
primary  concern  is  the  state  of  stress  of  the  concrete  in  the  chamber  walls.  The 
stress  conditions  in  the  chamber  walls  result  from  gravitational  forces  on  the  walls  and 
from  external  forces  applied  by  the  backfill  and  water.  The  stress  analyses  were  per¬ 
formed  by  using  the  finite  element  method.  Three  typical  concrete  chamber  wall 
monoliths  were  analyzed,  a  north  and  a  south  wall  at  Eisenhower  and  a  north  wall  at 
Snell.  Each  monolith  was  analyzed  for  three  loading  conditions:  normal  operation 
with  upper  pool  in  the  chamber;  normal  operation  with  lower  pool  in  the  chamber;  and 
the  maintenance  condition  with  the  chamber  fully  dewatered. 

9.  The  analyses  were  performed  using  the  computer  program  SOILSTRUCT 
written  by  Dr.  G.  Wayne  Clough  and  co-workers  at  Virginia  Polytechnic  Institute  and 
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state  University.  SOILSTRUCT  was  specifically  developed  to  model  complex  soil- 
structure  interaction  problems  by  the  finite  element  method.  The  finite  element  com¬ 
puter  program  has  been  used  to  analyze  a  wide  variety  of  problems,  such  as  naviga¬ 
tion  locks,  retaining  walls,  supported  excavations,  dams,  tunnels,  foundations,  and 
cofferdams.  The  analyses  were  incremental  soil-structure  interaction  analyses  where 
the  placement  of  the  concrete  and  the  backfill  is  simulated  so  as  to  obtain  the  induced 
stresses  in  the  system.  The  incremental  analysis  applies  the  loads  to  the  model  in 
small  increments  to  allow  the  nonlinear  constitutive  model  for  the  soil  and  interface  to 
adjust  during  the  loading  increment. 

10.  The  study  commenced  by  reviewing  construction  records  and  previous 
studies  of  the  locks.  From  this  information,  the  characterization  of  the  backfill  and 
foundation  and  a  preliminary  charactenzation  of  the  concrete  was  made.  The 
chamber  wall  monoliths  were  reviewed  for  selection  of  the  monoliths  for  analysis. 

After  selection  of  the  monoliths,  a  finite  element  mesh  was  developed  for  the  north 
wall  at  Eisenhower  Lock.  Once  the  mesh  and  modeling  techniques  had  been  proven 
to  be  sufficiently  accurate,  meshes  for  the  other  selected  monoliths  were  generated. 
After  the  field  investigation  and  laboratory  testing  had  been  completed,  the  final  mate¬ 
rial  characterizations  were  made  for  the  analyses  and  each  was  reanalyzed  for  the 
three  loading  conditions.  The  results  from  the  three  analyses  were  processed  and 
evaluated  considering  future  rehabilitation  of  the  walls  and  results  are  presented  later 
in  this  section  of  the  report. 

Phase  III  -  Seismic  stress  analysis 

11.  A  response  spectra  seismic  analysis  was  planned  for  either  Eisenhower  or 
Sneil  lock  depending  upon  which  structure  was  subjected  to  the  highest  seismic  accel¬ 
erations.  If  the  earthquake  ground  accelerations  were  approximately  the  same,  the 
seismic  analysis  would  be  conducted  on  Eisenhower  Lock,  since  it  has  the  poorest 
concrete  conditions.  To  determine  the  strongest  ground  motions,  a  geological-seismo- 
logical  investigation  was  conducted  to  provide  the  peak  values  of  acceleration, 
velocity,  and  duration  for  comparison  of  earthquake  ground  shaking  between  both 
sites.  Time  histories  (accelerograms)  and  corresponding  response  spectra  were 
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provided  to  represent  site-specific  cyclic  shaking  as  it  would  be  felt  at  the  structure 
experiencing  the  strongest  disturbance. 

12.  Once  the  most  critical  structure  was  determined,  it  was  analyzed  consider¬ 
ing  three  loading  conditions  together  with  an  operating  basis  earthquake  (OBE).  The 
three  load  cases  are:  normal  operation  with  upper  pool  in  the  chamber;  normal  opera¬ 
tion  with  lower  pool  in  the  chamber;  and  the  maintenance  condition  with  the  chamber 
fully  dewatered.  Two  different  typical  lock-wall  monoliths  were  analyzed  using  two- 
dimensional  (2-D)  finite  element  procedures  with  a  response  spectra  from  the  OBE. 
These  analyses  considered  the  2-D  dynamic  behavior  of  the  structure,  hydrodynamic 
loading  from  the  water  in  the  lock,  and  the  dynamic  lateral  earth  pressures.  The 
active  dynamic  soil  pressures  were  computed  using  the  Mononobe-Oakbe  equation, 
and  the  passive  pressures  were  computed  from  either  a  Coulomb  or  log  spiral  analy¬ 
sis.  The  foundation  of  the  lock  is  considered  rigid.  Static  stresses  from  Phase  II  were 
used  with  the  dynamic  stresses  in  order  to  determine  the  total  state  of  stress  within 
the  structures. 

13.  These  analyses  provided  a  preliminary  structural  evaluation  of  this  structure 
for  a  seismic  event  at  the  site.  If  the  total  state  of  stress  is  within  the  allowable  limits 
of  the  material,  no  further  seismic  stress  analyses  will  be  necessary.  However,  if 
these  analyses  indicate  that  cracking  is  likely,  a  seismic  analysis  using  a  time-history 
acceleration  record  and  a  nonlinear  concrete  model  should  be  considered.  Such  an 
analysis  is  beyond  the  scope  of  work  for  this  study  and  would  require  additional  funds. 

Organization  of  the  Report 

14.  In  Part  II,  the  background  and  historical  information  on  Eisenhower  and 
Snell  Locks  is  presented.  Part  III  summarizes  the  results  of  the  Field  Investigation 
and  Laboratory  Testing  Program  phase  of  the  work.  Part  IV  describes  the  proce¬ 
dures  for  the  the  static  stress  analyses  and  presents  the  results  of  these  analyses. 

Part  V  describes  the  procedures  for  the  dynamic  stress  analyses  and  reports  the  find¬ 
ings.  Part  VI  summarizes  the  findings  and  presents  the  conclusions  drawn  from  the 
study  aloiig  with  recommendations  on  need  for  future  rehabilitation  of  the  locks. 
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PART  li:  BACKGROUND 


Introduction 

1 5.  The  Eisenhower  and  Snell  Locks  were  constructed  between  1 955  and 
1958  as  part  of  an  international  cooperative  effort  to  build  the  Saint  Lawrence  Seaway. 
The  US  portion  of  the  project  was  authorized  by  the  Wiley-Dondero  Act  of  13  May 
1954.  This  act  also  created  the  Saint  Lawrence  Seaway  Development  Corporation 
(SLSOC)  to  construct,  operate,  and  maintain  the  locks.  SLSDC  contracted  with  the 
Corps  of  Engineers  to  design  and  construct  these  two  locks. 

16.  The  Eisenhower  and  Snell  Locks  are  located  in  the  Wiley-Dondero  Canal 
portion  of  the  Saint  Lawrence  River  just  north  of  Massena,  NY,  (Figure  1).  The  locks 
are  about  4  miles  apart  and  together  they  allow  vessels  to  transit  around  the  Saint 
Lawrence  Power  Project.  Figure  2  illustrates  the  locations  of  the  locks,  and  the  Long 
Sault  Dam  and  Moses-Saunders  Power  Dam  that  are  the  hydropower  portions  of  the 
Saint  Lawrence  Project. 

17.  The  Eisenhower  and  Snell  Locks  have  lifts  of  38  to  42  ft  and  45  to  49  ft, 
respectively.  The  chamber  dimensions  are  80  ft  in  width,  860  ft  in  length  from 
upstream  miter  gate  to  downstream  miter  gate,  and  the  locks  have  30  ft  of  water 
depth  over  the  sills. 

18.  The  locks  are  concrete  gravity  type  walls  founded  on  rock.  Both  locks 
have  mitering  type  gates,  fender  booms,  and  stop  log  closures.  Eisenhower  Lock  has 
a  vertical  lift  gate  to  prevent  loss  of  Lake  Saint  Lawrence  in  the  event  something 
should  happen  to  the  miter  gates.  There  is  also  a  vehicular  tunnel  built  through  the 
upstream  miter  gate  sill  at  Eisenhower  Lock.  The  filling  system  consists  of  upper  sill 
intakes,  tainter  valves,  wall  culverts,  and  side  ports.  This  system  empties  into  a  floor 
diffuser  system  below  the  lower  miter  gate.  The  guide  walls  are  of  the  concrete 
gravity  type  except  the  downstream  guide  wall  at  Snell  Lock  that  is  a  concrete  cap  set 
on  steel  sheet  piles. 
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Historical  Problems  and  Repairs 


19.  Eisenhower  Lock  has  experienced  problems  both  with  surface  concrete 
deterioration  and  with  structural  cracks  from  the  filling/emptying  culvert  to  the  land  side 
of  both  lock  walls.  Snell  Lock  has  not  had  a  surface  concrete  deterioration  problem, 
but  has  experienced  the  same  problem  with  culvert  cracks.  This  section  will  briefly 
present  the  surface  concrete  deterioration  problem  at  Eisenhower  Lock,  and  the  struc¬ 
tural  crack  problem  at  both  the  Snell  and  Eisenhower  Locks. 

Concrete  deterioration 

20.  The  concrete  deterioration  problem  at  Eisenhower  Lock  has  been  linked  to 
the  natural  cement  used  in  the  concrete  mix.  The  mix  at  Eisenhower  contained 

25  percent  by  weight  natural  cement.  After  review  of  the  available  data  and  reports 
on  the  concrete  deterioration,  the  mechanism  of  the  concrete  deterioration  is  freezing 
of  water  in  the  pores  of  the  concrete.  While  the  mechanism  of  the  concrete  deteriora¬ 
tion  is  clear,  the  reason  the  concrete  at  Eisenhower  lock  is  less  resistant  to  deteriora¬ 
tion  than  the  concrete  at  Snell  Lock  is  less  clear. 

21 .  The  concrete  mix  both  Eisenhower  and  Snell  Locks  varies  throughout  the 
structures  depending  on  the  location.  The  concrete  mix  design  was  the  same  at  both 
locks  except  for  the  25  percent  by  weight  of  natural  cement.  The  concrete  contain  4 
to  6  percent  entrained  air.  A  detailed  investigation  of  concrete  at  the  two  locks  was 
conduced  by  the  US  Army  Engineer  Watenways  Experiment  Station  (WES)  (Buck, 
Mather,  Thorton  1967). 

22.  Both  the  Corps  (Buck,  Mather,  Thorton  1967)  and  Harza  Engineering  Com¬ 
pany  (Harza  1981)  sighted  the  slow  development  of  the  strength  of  the  concrete  at 
Eisenhower  lock  as  the  most  plausible  reason  for  the  lower  resistance  to  frost 
damage.  The  available  evidence  from  the  construction  records  and  laboratory  experi¬ 
ments  show  that  the  Eisenhower  concrete  developed  strength  more  slowly  than  did 
the  Snell  concrete.  Based  on  the  construction  data,  it  would  take  about  12  and 

37  days,  respectively,  for  the  Snell  and  Eisenhower  exterior  grade  concrete  made  in 
1956  to  reach  a  strength  of  3,000  psi  (Buck,  Mather,  Thorton  1967).  Buck,  Mather 
and  Thorton  reported  that  although  laboratory  tests  had  not  shown  one  strength  level 
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to  be  required  for  adequate  durability  of  concrete  for  all  mixtures,  the  data  did  show 
that  a  considerable  strength  development  was  necessary  before  concrete  becomes 
durable  under  freeze-thaw  conditions.  The  value  of  3,000  psi  compressive  strength 
was  used  to  illustrate  the  different  rates  at  which  equal  levels  of  strength  maturity 
would  be  attained  between  the  concrete  in  Eisenhower  and  Snell  Locks.  The 
3,000  psi  compressive  strength  value  had  been  found  at  the  time  of  the  report  to  pro¬ 
duce  durable  concrete  in  the  laboratory  freezing  and  thawing  tests.  However,  it  stated 
that  under  the  severe  exposure  conditions  actually  experienced  at  Eisenhower  and 
Snell  Locks,  a  greater  maturity  would  have  probably  been  required. 

23.  The  concrete  was  required  to  be  kept  at  a  temperature  above  40  °F  for 
5  days  and  above  freezing  for  14  days.  Buck,  Mather,  and  Thorton  reported  that 
climatological  data  at  Eisenhower  and  Snell  Locks  show  that  the  cores  for  the  con¬ 
crete  placed  24-27  September  and  2-26  October  1956  would  have  been  subject  to 
freezing  at  an  age  between  14  and  18  days.  The  exterior  concrete  at  Eisenhower 
Lock  placed  during  1956  had  an  average  28-day  compressive  strength  of  2,812  psi  as 
compared  at  28-day  compressive  strength  at  Snell  Lock  of  3,954  psi.  Yet  by  1966, 
samples  of  nondeteriorated  concrete  from  comparable  locations  within  Eisenhower  and 
Snell  Locks  had  compressive  strength  approaching  one  another,  5,160  psi  (range 
4,190  to  5,860  psi)  and  5,550  psi  (range  4,760  to  6,450  psi),  respectively  (Buck, 
Mather,  Thorton  1967). 

24.  This  was  regarded  by  Buck  et  al  (Buck,  Mather,  Thorton  1 967)  as  the  most 
probable  reason  for  the  low  durable  of  the  concrete  at  Eisenhower  Lock.  If  the  con¬ 
crete  had  matured  enough,  it  should  have  been  just  as  frost  resistant  as  the  Snell 
concrete  has  proven  to  be  in  service.  The  freezing  of  the  low  frost  resistant  concrete 
had  the  effect  of  introducing  additional  void  space,  such  as  micro  cracks,  that  would 
not  otherwise  be  present.  This  additional  void  space,  beyond  that  the  entrained  air- 
void  system  had  been  provided  to  protect  against,  would  provide  the  location  of  addi¬ 
tional  freezable  water  that  could  freeze  and  produce  progressive  deterioration  of  the 
concrete. 

25.  Harza  Engineering  sighted  the  slow  development  of  strength  in  the  con¬ 
crete  at  Elsenhower  Lock  as  the  most  plausible  cause  for  the  low  resistant  to  frost 
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action  and  resulting  low  durability  of  the  concrete.  Based  on  their  calculation  of  matu¬ 
rity  factor  as  defined  by  ACI  Committee  306,  March  1978,  it  appeared  to  them  that 
concrete  placed  after  1  October  and  before  15  April  1957  has  less  than  desirable 
resistance  to  damage  by  frost. 

26.  At  the  time  the  locks  were  constructed,  the  winter  curing  and  protection 
techniques  employed  were  common  engineering  practice.  The  contractor  was 
required  to  maintain  concrete  temperatures  above  40  °F  for  5  days  followed  by  addi¬ 
tional  curing  above  32  °F  for  9  days. 

27.  Extensive  concrete  repairs  have  been  made  to  the  chamber  faces,  filling 
and  emptying  culverts,  gate  recesses,  pintle  bases,  and  sills  at  Eisenhower  Lock. 
SLSDC  has  had  aggressive  program  to  repair  and  replace  deteriorated  concrete.  The 
concrete  deterioration  at  Eisenhower  Lock  will  be  a  continuing  problem. 

Culvert  cracks 

28.  In  January  1967,  during  inspections  of  the  Eisenhower  Lock  filling  and 
emptying  culverts  by  SLSDC  and  CE  personnel  immediately  after  winter  dewatering,  a 
continuous  crack  was  observed  along  the  landward-ceiling  corner  of  the  culvert  in  the 
north  wall.  Further  investigation  revealed  that  these  cracks  were  continuous  from  the 
culvert  through  to  the  exterior  backfilled  face  of  the  lock  wall.  At  the  time,  the  crack 
leaked  water  in  varying  amounts  along  its  entire  length  and  fresh  spalls  of  concrete 
were  found  lying  on  the  culvert  floor  beneath  it.  Subsequent  detailed  inspections  and 
other  pertinent  investigations  revealed  that  the  crack  extended  along  the  culvert 
between  the  upper  and  lower  valve  monoliths. 

29.  After  initial  discovery  of  the  crack  in  the  north  culvert,  a  close  inspection 
was  made  in  the  south  culvert.  The  same  kind  of  crack  as  existed  in  the  north  culvert 
was  present  in  the  south  culvert,  at  its  landward-ceiling  corner.  Its  longitudinal  extent 
were  the  same  as  that  of  the  north  culvert  crack.  Examination  of  the  Snell  Lock  cul¬ 
verts  revealed  similar  cracks  in  that  lock. 

30.  With  these  cracks  extending  through  to  the  backfill,  the  overall  stability  of 
the  lock  walls  became  a  matter  of  serious  concern.  Under  certain  conditions,  all  wall 
loads  must  be  taken  on  the  15-ft-thick  section  between  the  culverts  and  the  faces  of 
the  lock  chambers.  This  was  thought  to  be  especially  serious  with  respect  to 
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Eisenhower  Lock  where  portions  of  this  section  were  deteriorated  and  thus  less  capa¬ 
ble  of  supporting  the  imposed  loads.  The  core  boring  program  underway  concerning 
the  problem  of  deterioration  was  enlarged  to  include  exploration  of  these  cracks.  To 
obtain  additional  data  on  the  extent  of  the  cracks  and  condition  of  the  surrounding 
concrete,  joint  meters  were  installed  across  the  cracks  to  measure  changes  in  the  size 
of  the  cracks  during  lock  operations,  bar  joints  were  installed  across  the  lock  cham¬ 
bers  to  measure  relative  movements  of  the  lock  walls  and  an  inclinometer  was  used  to 
measure  tilting  of  the  lock  walls  during  operation,  alignment  control  was  set  up 
whereby  any  lateral  displacement  of  the  wall  could  be  measured,  piezometers  were 
installed  in  the  backfill  areas  to  provide  information  on  saturation  levels  and  drainage 
patterns,  and  correlated  flow  measurements  were  taken  of  flows  in  the  backfill  drains. 

31 .  Because  of  this  information  in  combination  with  the  knowledge  gained  by 
the  concrete  survey  in  1966-67,  a  determination  was  made  by  an  SLSDC  convened 
Board  of  Consultants  that  a  complete  rehabilitation  program  was  necessary  to 
guarantee  continued  structural  integrity  and  stability  and  to  assure  ability  to  operate 
the  locks.  In  a  letter  of  June  26,  1967  from  the  Administrator,  the  CE  was  requested 
to  perform  the  necessary  design  and  contracting  services  concerning  the  proposed 
rehabilitation  program  for  the  Eisenhower  and  Snell  Locks  to  restore  the  locks  to  a 
condition  of  full  stability. 

32.  Priority  was  given  to  Eisenhower  Lock.  The  rehabilitation  work  for  the 
crack  consisted  of  placing  post-tensioned  anchors  across  the  culvert  crack,  .  This  was 
accomplished  during  the  winter  shutdown  of  1967-68  by  contract  with  Peter  Kiewit  & 
Sons.  Similar  post-tensioned  anchors  were  placed  across  the  culvert  cracks  at  Snell 
Lock  during  the  winter  of  1968-69  under  contract  with  Morrison-Knudsen. 
Post-tensioned  anchors  -  lock  wall  monoliths 

33.  In  the  winters  of  1967-68  and  1968-69,  post-tensioned  anchors  were 
installed  in  Eisenhower  and  Snell  Locks,  respectively.  The  north  and  south  walls  of 
the  Eisenhower  and  Snell  Locks  have  14  monoliths  with  narrow  tops  and  sloping 
backs  (Figure  3).  These  walls  in  the  chamber  portion  of  the  locks  are  606  ft  long. 

The  typical  chamber  monoliths  with  anchors  are  outlined  on  a  plan  view  of  Eisenhower 
Lock  in  Figure  4.  Eighty-two  and  eighty-three  anchors  were  installed  in  the  north  and 
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south  walls,  respectively,  of  each  lock.  Six  636  kips  anchors  were  installed  in  each 
monolith.  The  average  spacing  of  the  anchors  is  7.33  ft. 

34.  Review  of  data  and  stability  analyses  show  that  the  saturation  level  in  the 
backfill  was  at  el*  221.0  ft  at  the  time  of  anchor  installation.  This  elevation  is  16  ft 
higher  than  was  designed  for  originally.  Recent  field  inspection  of  drainage  pipe  and 
dye  tracing  study  by  Gannet  Fleming  Geotechnical  Engineering,  lnc.(1986)  of  the 
drainage  blanket  show  that  they  are  operational  and  continuous.  From  historical  data 
and  recent  observations  it  was  determined  that  the  static  groundwater  level  is  at  the 
drain  invert  in  the  drainage  blanket  for  the  soil  below  the  blanket.  This  data  also 
shows  that  the  soil  is  saturated  up  to  18  ft  above  the  drain  in  the  same  locations. 
These  high  piezometer  levels  observed  in  the  upper  portion  are  the  result  of  a 
perched  water  table  fed  by  the  water  level  in  the  nature  soil.  While  the  drainage  blan¬ 
ket  and  pipe  are  functioning,  they  are  not  connected  to  the  soil  above  the  drainage 
blanket. 

35.  In  February  1989,  the  SLSDC  and  CE  conducted  an  anchor  investigation 
program  at  Eisenhower  Lock.  The  objective  of  the  investigation  was  to  determine 
whether  or  not  the  post-tensioned  anchors  in  the  chamber  monoliths  at  Eisenhower 
Lock  have  sustained  any  significant  corrosion  due  to  water  leakage  through  the  exist¬ 
ing  culvert  cracks.  Of  the  1 65  anchors  in  Eisenhower  Lock,  two  anchors  were  exam¬ 
ined,  one  in  monolith  N-51  and  one  in  monoliths  S-17,  at  locations  near  the  greatest 
amount  of  leakage  through  the  existing  culvert  cracks.  Significant  corrosion  was  con¬ 
sidered  to  have  the  greatest  potential  at  these  locations.  The  investigation  consisted 
of  excavating  the  concrete  from  inside  the  culvert  to  expose  a  short  section  of  each 
anchor  for  visual  inspection  and  dimensional  measurements. 

36.  Results  of  the  anchor  investigation  showed  that  the  grout  was  intact  and 
completely  surrounded  the  anchor  strands  in  the  exposed  areas.  The  anchor  strands 
were  observed  to  be  as  shiny  as  new  and  there  was  no  evidence  of  any  surface  cor¬ 
rosion  or  pitting.  Based  on  the  results  of  this  investigation,  it  was  concluded  that  the 
anchors  are  In  excellent  condition.  It  was  further  concluded  that  post-tensioned 


*  All  elevations  (el)  cited  herein  are  in  feet  referred  to  the  National  Geodetic  Vertical 
Datum  (NGVD). 
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anchors  in  Eisenhower  Lock  should  remain  structurally  sound  and  should  adequately 
serve  the  anticipated  life  expectancy  of  the  lock.  In  any  future  structural  evaluation  of 
the  lock,  the  existing  anchors  should  be  assumed  100  percent  effective. 
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PART  III:  FIELD  INVESTIGATION  AND  LABORATORY 

TESTING  PROGRAM 


Site  Visit 

37.  In  February  1990,  representatives  from  WES,  Buffalo  District  (NCB),  North 
Central  Division  (NCD),  Headquarters  (HQ),  and  the  Saint  Lawrence  Seaway  Develop¬ 
ment  Corporation  (SLSDC)  inspected  the  Eisenhower  Lock  while  it  was  dewatered  for 
winter  maintenance.  The  lock  was  dewatered  for  repair  to  the  concrete  surrounding 
the  miter  gates  and  to  replace  surface  concrete  at  the  toe  of  the  same  chamber  mono¬ 
liths.  Poor  concrete  was  visible  in  some  locations.  A  number  of  locations  of  unsound 
concrete  were  found  during  the  inspection.  The  recently  repaired  surface  concrete 
appeared  to  be  sound. 


Drilling  Operation 

38.  After  completion  of  inspection  of  the  locks,  boring  locations  were  assigned 
in  areas  that  were  representative  of  the  concrete  placed  after  1  October  1956  and 
before  1  April  1957.  Four  boring  locations  for  Eisenhower  Lock  are  shown  in  Figure  5 
and  two  boring  locations  for  Snell  Lock  are  shown  in  Figure  6.  Personnel  from  the 
US  Army  Engineer  District,  Mobile,  drilled  the  borings  using  diamond-tip  core  barrels. 
Approximately  750  lin  ft  of  6-in.-diam  cores  were  obtained  from  vertical  borings. 

While,  larger  diameter  cores  would  have  been  preferable  because  of  a  maximum 
aggregate  size  of  6  in.,  but  their  cost  was  prohibitive.  The  borings  were  located  so  as 
not  to  interfere  with  the  main  conduit  or  any  ports  for  filling  and  emptying.  Personnel 
from  the  WES  logged  the  cores  on  ENG  Form  1836.  The  boring  logs  are  presented  in 
Appendix  B.  Pertinent  information  describing  each  boring  including  boring  number  and 
depth  is  presented  in  Table  1. 

39.  The  cores  were  preserved  and  handled  using  procedures  described  in  Test 
Standard  RTH  103-80  (WES  1980).  After  removal  from  the  core  barrel,  each  core 
was  marked  to  indicate  boring  location  and  depth.  Loss  of  moisture  was  prevented  by 
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wrapping  the  core  in  thin  polyethylene,  followed  by  cheese  cloth,  and  then  coating  with 
a  lukewarm  wax.  The  cores  were  then  placed  in  a  wooden  box,  cushioned  with 
vermiculite,  and  shipped  to  the  WES  for  testing. 

40.  Two  core  borings  were  made  at  Eisenhower  Lock  in  monoliths  S19  and 
S17  to  investigate  the  possibility  of  the  existence  of  a  crack  near  the  top  of  the  wall 
where  the  back  of  the  walls  change  slope.  The  borings  were  located  as  close  as 
possible  to  the  back  of  the  walls  and  were  extended  to  a  depth  of  approximately  20  ft. 
No  cracks  were  found. 

41 .  A  borehole  camera  that  was  used  to  visually  inspect  the  existing  conditions 
of  the  concrete  and  rock  core  holes.  An  examination  of  the  v'deo  tapes  of  the  bore¬ 
hole  camera  inspection  showed  no  voids  or  unusual  conditions  in  the  concrete. 

Test  Specimens  and  Laboratory  Testing 

42.  A  visual  examination  of  all  cores  was  made  in  the  laboratory  to  supplement 
the  field  boring  logs  and  to  assist  in  the  selection  of  representative  test  specimens. 
Concrete  test  specimens  were  selected  based  upon  the  physical  condition  of  the  con¬ 
crete  and  depth  in  order  to  obtain  representative  properties  throughout  the  structure. 
Figure  7  is  a  schematic  showing  the  general  location  of  samples  selected  for  testing. 
Rock  specimens  were  selected  to  be  representative  of  the  bedrock  In  close  proximity 
to  the  base  of  the  structure.  Forty-eight  concrete  specimens,  six  rock  specimens,  and 
two  concrete-bonded-to-rock  specimens  were  tested  from  Eisenhower  Lock.  Twenty- 
two  concrete  specimens  and  two  rock  specimens  were  tested  from  Snell  Lock. 

43.  Each  specimen  was  visually  examined  prior  to  any  destructive  testing.  The 
results  of  the  visual  examination  are  given  in  Table  2.  The  laboratory  testing  con¬ 
sisted  of  the  following  conducted  in  accordance  with  the  appropriate  test  method: 
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Test  Method 


Property 

Unconfined  compressive  strength 
Elastic  modulus  and  Poisson’s  ratio 
Splitting  tensile  strength 
Specific  gravity,  absorption,  voids 
Ultrasonic  pulse  velocity 
Direct  shear 


Rock 
RTM  1 1 1 

RTM  201 


RTM  110 
RTM  203 


Concrete 

CRC-C  14  (ASTM  C  39) 
CRD-C  19  (ASTM  C  469) 
CRD-C  77  (ASTM  C  496) 
CRD-C  23  (ASTM  C  642) 
CRD-C  51  (ASTM  C  597) 
CRD-C  90 


Direct  shear  testing  was  performed  on  intact  concrete  specimens  and  concrete- 
bonded-to-rock  specimens.  Results  of  the  laboratory  testing  are  given  in  Tables  3  to 
8. 

General  Comments  lor  Concrete 


Eisenhower  Lock 

44.  There  appears  to  be  considerable  variation  in  the  quality  of  concrete  in 
both  the  north  and  south  sides  of  the  lock.  Compressive  strengths  range  from  above 
6,000  psi  to  below  4,000  psi,  while  splitting  tensile  strengths  range  from  above  700  psi 
to  below  400  psi.  The  top  15  ft  of  concrete  appears  to  be  dense  and  well  consolid¬ 
ated.  At  greater  depths,  the  concrete  exhibits  varying  degrees  of  voids  and  poor 
aggregate-paste  interface.  Some  of  the  larger  voids  could  have  resulted  from  poor 
consolidation.  However,  the  mortar  fraction  of  the  concrete  in  these  areas  appears  to 
be  porous,  grainy,  and  generally  of  poor  quality.  The  test  data  indicates  the  poorest 
quality  concrete  to  be  in  the  lower  part  of  the  lock,  primarily  in  areas  15  ft  above  the 
bedrock  down  to  the  bedrock.  Variable  quality  is  also  indicated  by  ultrasonic  pulse 
velocity  and  voids  content.  An  increase  or  decrease  in  compressive  strength  in  a 
particular  area  was  not  always  confirmed  by  an  increase  or  decrease  in  splitting 
tensile  strength,  ultrasonic  pulse  velocity,  or  voids  content.  Average  physical 
properties  of  the  concrete  in  the  upper  15  ft  as  compared  to  the  lower  15  ft  as  well  as 
the  overall  average  are  given  below; 
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Test 

Uooer 

Lower 

Percent 

Difference 

Overall 

Averaoe 

Unit  weight,  pcf 

159.2 

155.8 

-2.1 

157.8 

Pulse  velocity,  fps 

18,210 

16,834 

-7.6 

17,505 

Compressive  strength,  psi 

6,050 

4,070 

-32.7 

5,230 

Splitting  tensile  str.,  psi 

620 

570 

-8.1 

580 

Elastic  modulus,  x  10  psi 

7.55 

4.65 

-38.4 

5.70 

Poisson’s  ratio 

0.28 

0.22 

-21.4 

0.23 

Percent  voids 

9.1 

10.4 

-4.3 

10.3 

45.  There  was  no  bond  at  the  concrete-bedrock  interface  in  three  of  the  four 
borings.  The  bedrock  was  primarily  a  hard,  dense,  dark  gray  dolomite  with  occasional 
layers  of  weak  clay  or  shale. 

46.  There  was  little  difference  in  the  physical  properties  on  the  north  side  of  the 
lock  as  compared  to  those  on  the  south  side.  The  average  compressive  strength  of 
the  concrete  in  the  south  side  was  approximately  10  percent  higher  than  that  on  the 
north  side.  Other  properties  differed  by  approximately  4  percent  or  less.  Average 
properties  for  the  concrete  on  the  north  and  south  sides  are  given  below: 
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Test 

North  side 

South  side 

Unit  weight,  pcf 

158.3 

157.4 

Pulse  velocity,  fps 

17,790 

17,248 

Compressive  strength,  psi 

4,930 

5,500 

Splitting  tensile  strength,  psi 

585 

580 

Elastic  modulus,  x  10  psi 

5.75 

5.65 

Possion's  ratio 

0.22 

0.23 

Percent  voids 

10.3 

10.3 

Snell  Lock 

47.  The  general  quality  of  concrete  varies  with  depth  on  both  sides  of  the  lock, 
but  appears  to  be  somewhat  better  than  that  of  the  Eisenhower  Lock.  Compressive 
strengths  range  from  above  8,000  psi  to  below  4,000  psi,  while  splitting  tensile 
strengths  range  from  above  900  psi  to  below  500  psi.  The  top  15  ft  of  concrete 
appears  to  be  dense  and  well  consolidated  on  the  north  side  of  the  lock.  At  greater 
depths,  the  concrete  exhibits  some  minor  voids  and  varying  strengths.  On  the  south 
side  of  the  lock,  varying  degrees  of  voids,  poor  aggregate-paste  interface,  and 
strengths  are  indicated  from  the  top  surface  down  to  approximately  5  ft  above  the 
bedrock.  The  concrete  just  above  the  bedrock  is  of  a  poorer  quality.  There  was  no 
bond  at  the  concrete-bedrock  interface.  There  appears  to  be  no  correlation  between 
compressive  strength,  splitting  tensile  strength,  ultrasonic  pulse  velocity,  nor  voids 
content.  An  increase  or  decrease  in  compressive  strength  in  a  particular  area  was  not 
always  confirmed  by  an  increase  or  decrease  in  splitting  tensile  strength,  ultrasonic 
pulse  velocity,  or  voids  content.  Average  physical  properties  of  the  concrete  are  given 
below: 
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Test 

Overall 

Averaae 

Lower 

Percent 

Difference 

Unit  weight,  pcf 

158.3 

158.3 

0 

Pulse  velocity,  fps 

17,810 

17,046 

-4.3 

Compressive  strength,  psi 

6,620 

3,730 

-43.7 

Splitting  tensile  strength,  psi 

650 

495 

-23.8 

Elastic  modulus,  x  10  psi 

6.85 

4.60 

-32.8 

Poisson’s  ratio 

0.25 

0.20 

-20.0 

Percent  voids 

11.0 

11.6 

5.5 

48.  Concrete  on  the  south  side  of  the  lock  appears  to  be  inferior  to  that  in  the 
north  side.  Splitting  tensile  strength,  elastic  modulus,  Possion’s  ratio,  and  voids  con¬ 
tent  differed  by  more  than  1 0  percent  while  unit  weight,  pulse  velocity,  and  compres¬ 
sive  differed  by  4  percent  or  less.  Average  concrete  properties  on  the  north  side  and 
on  the  south  side  of  the  lock  are  given  below: 


Test 

North  side 

South  side 

Unit  weight,  pcf 

158.7 

157.9 

Pulse  velocity,  fps 

18,127 

17,494 

Compressive  strength,  psi 

6,750 

6,480 

Splitting  tensile  strength,  psi 

710 

590 

Elastic  modulus,  x  10  psi 

7.20 

6.45 

Possion’s  ratio 

0.26 

0.23 

Percent  voids 

10.3 

11.7 

Petrographic  Examination 


49.  Cores  from  both  Eisenhower  and  Snell  Locks  were  taken  for  evaluation 
and  examination.  Portions  of  two  cores  from  Eisenhower  and  one  from  Snell  were 
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selected  for  examination.  The  complete  test  results  are  presented  in  Appendix  G. 
The  concrete  was  air-entrained.  The  air  content  for  the  samples  examined  ranged 
from  2.3  to  2.8  percent.  The  low  air  content  of  the  concrete  is  not  believed  to  be  of 
any  significance.  Previous  average  air  contents  reported  by  Buck,  Mather,  and 
Thorton  (Buck,  Mather,  Thorton  1 967)  were  3.5  percent  for  the  two  lock  structures.  It 
may  be  due  to  the  relatively  small  area  of  sampling.  The  examination  show  that  the 
concrete  from  both  structures  are  similar  and  free  from  damaging  cement-aggregate 
reactions  and  other  deleterious  reaction.  The  concrete  from  the  two  structures  are 
similar. 


Summary 

50.  The  concrete  testing  program  shows  that  the  three  principal  properties 
needed  for  the  finite  element  analyses,  compressive  strength,  tensile  strength,  and 
modulus  of  elasticity.  Figures  8,  9,  and  10,  respectively,  decrease  with  depth  in  both 
Eisenhower  and  Snell  Locks.  The  average  compressive  strength  for  Eisenhower  Lock 
is  less  than  that  of  Snell  by  31  percent,  5,230  psi  versus  6,620  psi.  The  lowe*’  value 
at  Eisenhower  is  biased  by  the  larger  number  of  test  specimens  from  the  lower  portion 
of  the  wall  when  compared  with  specimen  from  Snell,  six  from  Eisenhower  and  only 
one  from  Snell.  Using  the  average  compressive  strength  from  specimens  taken  from 
the  upper  portion  of  Eisenhower  borings  and  comparing  that  to  the  Snell  average,  the 
difference  is  only  9  percent  which  is  approximately  the  same  percent  difference 
reported  by  Buck,  Mather,  and  Thorton  (Buck,  Mather,  Thorton  1967).  This  same 
trend  of  bias  by  the  larger  number  of  specimen  from  the  lower  portion  of  the  borings 
from  Eisenhower  is  found  in  the  overall  average  value  for  the  modulus  of  elasticity. 
This  trend  is  not  seen  in  the  tensile  strengths.  The  average  tensile  strengths  from  the 
lower  to  upper  portion  of  the  borings  from  Eisenhower  only  vary  by  8  percent.  The 
test  values  for  the  modulus  of  elasticity  and  the  unit  weight  may  have  been  influenced 
due  to  the  aggregate  size  when  compared  to  the  diameter  of  the  cores  which  may 
result  in  higher  test  values. 
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PART  IV:  STATIC  STRESS  ANALYSIS 


Introduction 

51.  This  section  presents  the  results  of  the  static,  nonlinear,  soil-structure 
interaction  analysis  of  three  typical  concrete  chamber  wall  monoliths,  a  north  and  a 
south  wall  at  Eisenhower  Lock  and  a  north  wall  at  Snell  Lock.  The  static  stress 
analysis  of  Eisenhower  and  Snell  Locks  focuses  on  the  evaluation  of  the  internal 
structural  integrity  of  the  chamber  walls  monoliths.  The  objective  of  the  study  is  to 
determine  the  current  state  of  stress  of  the  concrete  in  the  chamber  monoliths  at 
Eisenhower  and  Snell  Locks  using  the  finite  element  method  and  to  check  these 
stresses  against  the  strength  of  the  concrete. 

Problem  Description 

52.  The  Eisenhower  and  Snell  Locks  are  located  in  the  Wiley-Dondero  Canal 
portion  of  the  Saint  Lawrence  River  just  north  of  Massena,  NY.  The  locks  are  about 
4  miles  apart  with  Snell  Lock  located  downstream  of  Eisenhower  Lock  (Figure  2). 
Eisenhower  and  Snell  Locks  are  sister  locks  with  chamber  dimension  of  80  ft  in  width 
and  860  ft  in  length.  The  lock  walls  are  approximately  1 10  ft  high  and  63  ft  in  width  at 
the  base.  Figures  1 1  and  12  show  typical  cross  sections  through  the  lock  chamber  at 
Eisenhower  and  Snell  Locks,  respectively.  The  chamber  walls  are  unreinforced  mass 
concrete  sections  with  large  filling  and  emptying  culverts,  smaller  drainage  and  supply 
culverts,  and  a  cable  gallery  at  the  top  of  the  north  walls.  The  concrete  monoliths  are 
founded  on  dolomite  rock  which  forms  the  chamber  floor  of  the  locks.  The  backfill 
behind  the  lock  walls  is  a  compacted  glacial  till.  The  natural  soil  at  the  site  is  a  glacial 
till.  Figures  13,  14,  15,  and  16  show  typical  chamber  wall  sections  for  the  two  locks. 
Eisenhower  Lock  has  a  high  pool  level  at  el  240  ft  and  a  low  pool  level  at  el  200  ft. 
Snell  Locks  has  a  high  pool  level  at  el  200  ft  and  a  low  pool  level  at  el  155  ft. 

53.  As  discussed  in  Part  II,  Eisenhower  and  Snell  Locks  have  suffered  struc¬ 
tural  cfacking  of  the  concrete.  The  chamber  wall  monoliths  have  a  continuous  crack 
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along  the  landward  ceiling  corner  of  the  filling  and  emptying  culverts.  The  crack 
extends  from  the  culvert  to  the  surface  of  the  backfilled  face  of  the  monolith.  The 
primary  loading  on  the  chamber  walls  that  could  cause  the  formation  of  the  crack  is 
from  the  backfill  and  the  groundwater  in  the  backfill.  The  backfill  is  a  compacted 
glacial  till  with  unusually  high  unit  weight,  145  to  150  pcf.  In  situ  tests  by  Gannett 
Fleming  Engineering,  Inc.  (1986)  to  determine  the  horizontal  stresses,  i.e.,  lateral  earth 
pressure,  in  the  backfill  showed  that  the  horizontal  stresses  may  be  1 .5  to  2.0  times 
the  effective  vertical  overburden  pressure.  This  suggests  a  high  degree  of  compaction 
of  the  backfill.  An  additional  factor  is  that  the  groundwater  level  in  the  backfill  is 
approximately  20  ft  higher  than  anticipated  in  the  original  design. 

54.  With  the  backfill  as  the  primary  source  of  loading,  the  assessment  of  the 
stress  in  the  concrete  of  the  chamber  walls  involves  significant  soil-structure  interac¬ 
tion.  Because  of  the  nonlinear  stress-strain  behavior  of  the  soil  and  the  formation  of 
the  crack  in  the  concrete,  a  nonlinear  soil-structure  interaction  finite  element  analysis 
is  necessary  to  accurately  estimate  the  stress  in  the  chamber  wall  monoliths.  Conven¬ 
tional  equilibrium  method  and  linear  elastic  finite  element  models  cannot  capture  these 
important  aspects  of  this  problem. 

55.  The  analyses  for  the  assessment  of  static  stresses  in  the  chamber  wall 
monoliths  were  performed  using  the  computer  program  SOILSTRUCT.  SOILSTRUCT 
is  a  general  purpose  finite  element  computer  program  for  two-dimensional,  plane 
strain  analysis  of  soil-structure  interaction  and  soil-inclusion  interaction  problems.  It 
calculates  displacements  and  stresses  due  to  incremental  construction  and/or  load 
application  and  is  capable  of  modeling  nonlinear  stress-strain  material  behavior.  The 
simulation  of  incremental  construction  may  include  embankment  construction  or  back¬ 
filling,  the  placement  of  layer(s)  of  a  reinforcement  material  during  backfilling  or 
embankment  construction,  dewatering,  excavation,  installation  of  a  strut  or  tie-back 
anchor  excavation  support  system,  removal  of  the  same  system  and  the  placement  of 
concrete  or  other  construction  materials.  The  incremental  loading  simulation  may 
consist  of  the  application  of  concentrated  loads,  boundary  pressures  or  loads  due  to 
temperature  changes  in  nonsoil  materials. 
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56.  The  initial  version  of  SOILSTRUCT  was  developed  by  Professors  G.  W. 
Clough  and  J.  M.  Duncan  for  use  in  the  analysis  of  Port  Allen  and  Old  River  U-frame 
locks  (Clough  and  Duncan  1969).  This  version  of  the  program  reflects  modifications 
made  in  conjunction  with  a  number  of  projects  at  WES  to  expand  the  capabilities  of 
the  finite  elements  constitutive  models,  load  vector  formulation  algorithms,  the  size  of 
problem  which  may  be  analyzed,  and  the  transfer  of  input,  output,  restart  and  plot  data 
files  by  means  of  disc  storage.  A  detailed  description  of  the  program  is  provided  in 
Appendix  C. 


Finite  Element  Model 

57.  The  study  commenced  by  reviewing  construction  drawing  and  records  and 
the  reports  from  previous  studies  of  the  locks.  From  this  information,  the  characteriza¬ 
tion  of  the  backfill  and  foundation  and  a  preliminary  characterization  of  the  concrete 
was  made.  The  next  step  in  the  analysis  was  to  select  the  dimensions  and  elevations 
for  the  chamber  wall  monoliths  to  be  analyzed.  NCB  requested  the  analysis  of  three 
chamber  monoliths,  a  north  and  south  at  Eisenhower  Lock  and  one  from  Snell  Lock. 

In  the  detail  scope  of  work,  a  south  monolith  at  Snell  Lock  was  scheduled  for  analysis. 
A  review  of  the  data  revealed  that  the  north  chamber  monoliths  have  a  slightly  higher 
backfill  behind  them  resulting  in  the  decision  to  analyze  a  north  monolith  at  Snell  Lock. 
Figures  17,  18,  and  19  show  the  basic  elevations  and  dimension  for  each  lock  wall 
sections  selected  for  analysis.  The  dimensions  and  elevations  are  not  for  specific 
monoliths  at  Eisenhower  and  Snell  Locks,  but  are  lower  bound  possibilities  formed 
from  the  typical  sections  shown  in  Figures  13  through  16.  The  boring  data  shows  the 
rock  surface  to  range  from  el  1 39  to  el  1 43  ft  at  Eisenhower  Lock  and  from  el  99  to 
el  102  ft  for  Snell  Lock.  The  Eisenhower  models  used  el  140  ft  for  the  rock  surface 
and  Snell  model  used  el  100  ft  for  the  rock  surface.  Figures  20,  21 ,  and  22  shows  the 
overall  model  configuration  including  the  wall,  backfill,  and  foundation.  The  backfill 
surface  begins  at  the  top  of  the  wall  for  both  locks  and  connects  to  the  surface  of  the 
natural  soils.  The  surface  of  the  natural  soils  and  the  slopes  of  the  excavation  (Fig¬ 
ures  20,  21 ,  and  22)  are  consistent  with  preconstruction  drawings  for  the  two  locks. 
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58.  This  information  provided  the  basic  data  to  construct  the  finite  element 
meshes  for  three  monoliths  to  be  analyzed.  Symmetry  about  the  center  line  of  the 
chamber  allows  for  modeling  of  only  one  wall  of  the  lock  at  a  time.  This  significantly 
reduces  the  required  mesh  size.  Each  mesh  contains  a  section  through  a  lock  wall 
and  a  representative  portion  of  the  foundation  rock,  backfill,  and  in  situ  soil.  One  of 
the  side  boundaries  of  the  meshes  is  at  the  center  line  of  the  lock  chamber.  The 
other  side  boundary  is  500  ft  from  the  center  line  of  the  lock,  in  a  position  such  that 
simulation  of  the  construction  of  the  lock  wall  and  backfill  placement  should  not  effect 
the  stresses  near  this  boundary.  The  rock  foundation  extends  200  ft  below  the  base 
of  the  lock  walls. 

59.  Construction  of  the  mesh  for  the  north  chamber  wall  monolith  at 
Eisenhower  Lock,  the  first  mesh  generated,  consisted  of  several  stages  with  certain 
constraints  applied  to  the  configuration  of  the  mesh.  Initially,  a  mesh  was  constructed 
with  approximately  half  the  elements  of  the  final  mesh  and  a  backfill  placement  was 
simulated  to  test  for  accuracy.  The  mesh  had  to  allow  for  the  simulation  of  a  crack 
extending  from  the  landward  ceiling  comer  of  the  filling  and  emptying  culverts  to  the 
surface  of  the  backfilled  face  of  the  wall.  Special  interface  elements  had  to  be  used 
between  the  wall  and  the  foundation  and  between  the  wall  and  the  backfill. 

60.  Clough  and  Duncan  (1969)  found  that  an  accurate  mesh  for  the  simulation 
of  backfill  placement  was  obtained  if  the  stresses  in  the  soil  elements  in  the  mesh  did 
not  vary  more  than  10  percent  during  a  placement  of  a  lift.  Maintaining  this  criteria 
allows  the  soil  constitutive  model  in  the  finite  element  computer  program  to  follow  the 
nonlinear  stress-strain  response  of  the  soil.  The  initial  mesh  was  refined  until  the 
changes  in  stresses  were  below  10  percent.  Other  criteria  followed  in  the  constnjction 
of  the  mesh  was  maintaining  an  aspect  ratio  less  than  4  in  the  wall  and  surrounding 
soil.  The  QM5  element  used  in  SOILSTRUCT  is  accurate  for  aspect  ratios  up  to 
eight.  The  highest  aspect  ratios  in  the  wall,  less  than  four,  are  along  the  slope  of 
backfilled  face  of  the  wall  In  this  area,  the  criteria  was  to  have  four  or  more  elements 
parallel  to  the  crack  to  allow  for  accurate  prediction  of  stresses  in  the  direction  of  the 
crack. 
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61.  Figure  23  shows  the  mesh  for  a  section  through  a  typical  chamber  monolith 
of  the  north  lock  wall  at  Eisenhower  Lock.  The  mesh  consists  of  2,505  nodal  points  to 
define  2,200  two-dimensional  elements  representing  the  lock  wall,  soil,  rock,  and  221 
one-dimensional  interface  elements.  This  was  the  first  mesh  generated  and  was  used 
to  set  a  minimum  standard  for  the  two  remaining  meshes.  Figure  24  shows  the  mesh 
for  a  section  through  a  chamber  monolith  of  the  south  lock  wall  at  Eisenhower  Lock. 
The  mesh  consists  of  2,898  nodal  points  to  define  2,818  two-dimensional  elements 
representing  the  lock  wall,  soil,  rock,  and  290  one-dimensional  interface  elements. 
Figure  25  shows  the  mesh  for  a  section  through  a  chamber  monolith  of  the  north  lock 
wall  at  Snell  Lock.  The  mesh  consists  of  2,353  nodal  points  to  define  2,278  two- 
dimensional  elements  representing  the  lock  wall,  soil,  rock,  and  245  one-dimensional 
interface  elements.  The  interface  elements  are  at  the  interface  between  the  concrete 
and  soil  backfill,  concrete  and  rock  foundation,  and  soil  and  bedrock. 

Simulation  of  the  Construction  and  Loading  Conditions 

62.  The  finite  element  modeling  technique  used  for  this  study  is  a  nonlinear 
analysis,  where  loads  are  applied  incrementally  to  simulate  the  actual  conditions  in  the 
field.  The  key  stages  in  the  modeling  are  the  initial  conditions  after  excavation  for  the 
construction  of  the  lock,  placement  of  the  lock  wall,  placement  of  the  backfill,  raising  of 
the  water  table  in  the  backfill,  formation  of  the  crack,  placement  of  the  anchors,  and 
operation  of  the  lock.  These  are  depicted  schematically  in  Figure  26. 

63.  To  establish  the  in  situ  stresses  after  the  excavations  for  the  construction 
of  the  locks,  the  natural  soil  was  placed  incrementally  in  the  configuration  of  the  exca¬ 
vations.  This  established  the  necessary  in  situ  stresses  to  start  the  modeling  of  the 
structure  and  the  backfill  placement  and  is  more  expedient  than  trying  to  model  the 
excavation  process.  During  this  stage  of  the  analysis,  the  elements  in  the  rest  of  the 
mesh  are  weightless  with  no  stiffness.  After  establishment  of  the  natural  soil  and  exca¬ 
vation,  the  lock  wall  is  placed  under  gravity  load.  At  this  point,  all  displacements  in  the 
mesh  are  set  to  zero,  thus  creating  the  reference  point  for  the  remaining  stages  of 
construction  and  loading  simulation. 
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64.  The  placement  of  backfill  is  simulated  by  placing  the  soil  in  load  steps  or 
lifts  of  one  row  of  elements  each.  Five  iterations  for  each  lift  were  used  to  permit  the 
stress-strain  curves  of  the  soils  to  be  followed  as  closely  as  possible.  This  number  of 
load  steps  and  iterations  has  been  found  to  generate  an  accurate  response  for  earth 
pressures  (Clough  and  Duncan  1969).  In  order  to  develop  sufficient  earth  pressures 
on  the  lock  walls  to  cause  a  crack  to  develop,  the  effects  of  compaction  had  to  be 
included  in  the  analysis.  The  program  did  not  have  a  procedure  to  account  for  com¬ 
paction,  thus  a  procedure  had  to  be  developed.  Elements  above  the  lift  being  placed 
are  considered  inactive  and  have  zero  weight  and  no  stiffness. 

65.  Compaction  equipment  moving  across  a  backfill  adjacent  to  a  wall  induces 
additional  lateral  earth  pressures  on  the  wall.  When  the  compaction  equipment  moves 
away  from  the  wall,  a  portion  of  the  additional  lateral  earth  pressures  continues  to  act 
on  the  wall  due  to  the  inelastic  nature  of  the  soil.  A  typical  pressure  distribution 
against  a  wall  resulting  from  compaction  is  shown  in  Figure  27.  This  is  similar  in 
shape  to  the  pressure  distribution  reported  in  the  Gannett  Fleming  report  (1986)  from 
the  pressuremeter  and  hydrofracture  testing.  A  simplistic  approach  was  taken  to  sim¬ 
ulate  the  effects  of  compaction  in  the  backfill  for  this  study.  The  procedure  used  was 
to  increase  the  vertical  forces  being  applied  during  simulation  of  the  placement  of  a  lift 
of  the  backfill.  This  was  accomplished  by  increasing  the  unit  weight  of  the  backfill  lift 
being  placed  by  a  magnification  factor.  The  magnitude  of  the  factor  was  determined 
by  performing  a  series  of  analyses  where  the  factor  was  increased  until  the  minor 
principal  stress  at  the  landward  ceiling  comer  of  filling  and  emptying  culvert  reaches  a 
value  that  would  initiate  a  crack. 

66.  After  placement  of  the  backfill,  the  water  level  in  the  backfill  was  raised. 

The  increase  in  water  level  was  simulated  by  applying  the  water  pressure  in  the  back¬ 
fill  resulting  from  the  change  in  elevation  of  the  water  table  and  applying  boundary 
pressures  to  the  back  and  base  of  the  lock  wall  to  equal  the  hydrostatic  head  due  to 
the  change  in  water  table.  The  static  groundwater  level  in  the  backfill  below  the  drain¬ 
age  blanket  is  at  the  drain  pipe  invert  in  the  drainage  blanket.  For  the  soil  above  the 
drainage  blanket,  the  location  of  the  perched  water  table,  the  groundwater  level  is  set 
equal  to  the  groundwater  level  in  the  natural  soil. 
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67.  Once  it  was  determined  that  the  earth  pressures  were  sufficient  to  initiate 
the  crack,  another  complete  analysis  was  performed  with  zero  strength  and  stiffness  in 
tension  along  the  crack.  This  provided  the  state  of  stress  in  the  lock  wall  after  the 
crack  had  occurred.  Next,  the  placement  of  the  post-tensioned  anchor  was  simulated 
by  applying  point  loads  to  the  lock  wall  equal  to  the  value  for  post-tensioning  of  the 
anchors  in  the  field.  In  the  subsequent  load  step,  the  stiffness  of  the  anchor  is 
activated.  Six  636-kip  anchors  were  installed  in  each  monolith.  The  average  spacing 
of  the  anchors  is  7.33  ft.  SOILSTRUCT  uses  the  plain  strain  assumption.  Thus,  the 
load  applied  to  simulate  the  post-tensioning  of  the  anchors  is  equal  to  the  post¬ 
tensioning  loads,  636  kips,  divided  by  the  average  spacing  of  7.33  ft.  The  force  due 
to  post-tensioning  of  anchors  is  applied  at  the  head  of  the  anchor,  while  an  equal  but 
opposite  force  is  applied  to  four  nodes  below  the  crack  in  the  direction  of  the  line  of 
action  of  the  anchor. 

68.  Operation  loading  conditions  evaluated  are  a  result  of  raising  the  water 
level  in  the  chamber  of  the  lock  from  the  dewatered  condition  to  the  lower  pool  water 
level  and  then  to  the  upper  pool  level.  These  are  simulated  by  applying  boundary 
pressures  to  the  chamber  wall  face,  surfaces  of  the  culverts,  and  base  of  the  chamber 
wall  monolith  equal  to  the  hydrostatic  water  pressure  for  the  different  pool  levels. 

Soil  and  Concrete  Parameters  for  Finite  Element  Analyses 

69.  The  finite  element  models  require  input  parameters  for  the  concrete  in  the 
lock  walls,  foundation  rock,  backfill,  and  natural  soil  at  the  site  that  describes  their 
stress-strain  characteristics,  unit  weights,  and  initial  stress  conditions.  These  parame¬ 
ters  were  determined  from  the  laboratory  tests  described  in  Part  III  and  from  the 
reports  provided  by  the  SLSDC  and  NCB. 

Unit  weights 

70.  The  in-place  relative  soil  density  of  the  backfill  soil  has  been  a  point  of 
controversy  for  sometime  because  of  the  high  values  measured  by  in-place  tests. 
Assumed  wet  densities  from  previous  studies  have  ranged  from  125  pcf  in  the  1955 
Corps  Design  Memorandum  to  140  pcf  used  in  Harza  Engineers’  study  (1981). 


30 


Measured  backfill  density  values  from  in-place  tests  range  from  a  low  of  135.5  pcf  to  a 
high  of  150.6  pcf.  Measured  values  from  laboratory  tests  of  reconstituted  soil  samples 
showed  an  average  maximum  dry  density  ranging  from  approximately  135  to  140  pcf 
that  would  result  in  wet  density  values  ranging  from  approximately  144  to  149  pcf. 
Based  on  this  information,  a  wet  unit  weight  of  148  pcf  was  used  in  these  analyses. 
Angle  of  internal  friction  and  cohesion 

71 .  Because  of  the  difficulty  involved  in  obtaining  undisturbed  samples,  labora¬ 
tory  testing  has  only  been  performed  on  reconstituted  samples.  Measured  values  for 
the  angle  of  internal  friction  from  reconstituted  samples  ranged  from  35  deg  reported 
in  the  Corps  Post  Construction  Report  (US  Army  Engineers,  Buffalo  District  1957)  to 
42  deg  reported  by  Empire  Soils  Investigations,  Inc.  (1985)  and  from  zero  to  5.4  ksf 
for  cohesion.  During  the  engineering  study  by  Gannett  Fleming  Geotechnical  Engi¬ 
neers,  Inc.,  (1986)  a  value  of  45  deg  for  angle  of  internal  friction  and  zero  cohesion 
was  used  in  their  stability  computations.  This  angle  of  internal  friction  value  was  esti¬ 
mated  from  the  results  of  pressuremeter  tests. 

72.  The  report  by  Empire  Soils  Investigation,  Inc.  (1985)  recommended  an 
angle  of  internal  friction  of  40  deg  and  zero  cohesion,  based  on  the  average  of  three 
sets  of  triaxial  tests  of  reconstituted  samples  (37,  40,  and  42  deg,  and  0,0,  and 

0.3  ksf,  respectively).  Our  reanalysis  of  these  tests.  Appendix  D,  shows  the  angle  of 
internal  friction  ranging  from  a  low  of  35.2  deg  with  cohesion  of  .23  ksf  to  a  high  of 
41 .7  deg  with  a  cohesion  of  1 .5  ksf.  The  greater  strengths  were  for  the  materials 
classified  as  SM.  The  lower  strength  materials  were  classified  as  CL. 

73.  It  has  been  found  that  the  angle  of  internal  friction  obtained  from  a  triaxial 
test  is  from  4  to  9  deg  smaller  than  from  a  plane  strain  test.  Plane  strain  conditions 
develop  along  the  chamber  lock  wall  in  this  study.  Therefore,  the  values  from  triaxial 
tests  will  under  estimate  the  angle  of  internal  friction  of  the  backfill  behind  the  lock 
walls.  A  conservative  estimate  of  the  plane  strain  angle  of  internal  friction  may  be 
found  using  the  value  from  a  triaxial  test  in  the  correlation: 

4>^  =  1.54>er-17 
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for  an  angle  of  internal  friction  greater  than  34  deg  (Lade  1976).  Using  this  correlation 
the  plane  strain  angle  of  internal  friction  from  a  triaxial  test  performed  by  Empire  Soils 
Investigation,  Inc.  would  be  38.5,  43,  and  46  deg,  respectively,  and  a  similar  range  for 
our  reanalysis.  In  light  of  this,  the  value  of  45  deg  for  angle  of  internal  friction  used  by 
Gannett  Fleming  Geotechnical  Engineers,  Inc.  (1986)  seems  reasonable  and  was 
used  in  this  study.  The  reanalysis  of  the  Empire  Soil  tests  showed  significant  values 
of  cohesion.  It  was  felt  that  a  cohesion  of  0.5  ksf  should  be  used  in  the  analyses. 
Stress-strain  parameters  for  the  soil 

74.  Using  the  procedures  outlined  by  Duncan  et  al.  (Duncan  1970)  the  neces¬ 
sary  stress-strain  parameters  can  be  computed  from  the  results  of  drained  triaxial 
tests.  These  procedures  were  used  to  determine  the  stress-strain  parameters  from 
the  triaxial  tests  reported  by  Empire  Soil  Investigation  Inc.  The  results  are  presented 
in  Appendix  D.  They  show  the  strength  correlation  factor,  R^,  with  values  ranging  from 
0.31  to  0.76,  hyperbolic  exponent  factor,  n,  with  values  ranging  from  0.2  to  0.69,  and 
the  modulus  constant,  K,  with  values  ranging  from  223  to  1 ,232.  The  modulus  con¬ 
stant  values  seemed  low  for  soil  with  such  high  density.  Considering  the  fact  that  the 
stiffness  of  a  soil  increases  significantly  with  prestressing  from  loads  such  as  compac¬ 
tion  and  the  authors’  personal  experience,  the  stress-strain  parameters  used  in  the 
analyses  are  shown  in  Table  5. 

Concrete  properties 

75.  The  concrete  lock  walls  are  assumed  to  behave  linearly  elastic  in  the  finite 
element  analyses  in  this  study.  The  primary  properties  of  the  concrete  needed  for 
these  analyses  are  the  modulus  of  elasticity,  Poisson's  ratio,  and  unit  weight.  The 
most  important  of  these  is  the  modulus  of  elasticity.  The  modulus  is  the  primary 
parameter  controlling  the  magnitude  of  the  displacement  of  the  wall.  In  Part  III,  the 
test  results  show  that  modulus  value  decrease  from  the  top  of  the  wall  to  the  bottom. 
The  value  ranged  from  3.5  to  7.7  X  10®  psi  with  a  mean  value  of  6.08  X  10®  psi  and  a 
standard  deviation  of  1.20  X  10®  psi  (approximately  20  percent).  Having  a  lower  value 
of  the  modulus  in  the  bottom  25  ft  of  wall  had  less  than  a  5  percent  change  in  the 
stresses  and  less  than  a  3  percent  difference  in  the  displacements  for  the  Eisenhower 
north  wall  model.  These  differences  are  not  significant  enough  to  justify  using  a 
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varying  modulus  for  the  concrete  walls.  Therefore,  a  value  of  5.0  X  10  psi  was  used 
in  the  analyses.  The  unit  weight  of  the  concrete  ra''ged  from  153.7  pcf  to  163.8  pcf. 

A  value  of  150  pcf  was  used.  The  lower  than  average  values  for  the  elastic  modulus 
and  unit  weight  used  in  the  analysis  were  chosen  because  concern  over  the  influence 
of  large  aggregate  size  on  biasing  the  average  values.  Poisson’s  ratio  values  ranged 
from  0.16  to  0.30.  A  value  of  0.25  was  used.  The  tensile  strength  was  needed  in  the 
analyses  to  determine  the  stress  level  where  cracking  would  occur.  The  laboratory 
tests  showed  a  range  for  the  splitting  tensile  strength  from  a  value  below  400  psi  to 
values  over  700  psi.  The  tensile  stress  range  assumed  for  initiation  of  a  crack  was 
300  to  400  psi. 


Analysis  Results 

76.  Since  the  results  for  the  three  monol'ths  show  the  same  general  trends  and 
approximately  the  same  maximum  and  minimum  stress  levels,  only  the  results  for  the 
north  wall  at  Eisenhower  Lock  will  be  discussed  in  detail.  The  results  for  the  other  two 
monoliths  are  presented  in  Appendixes  E  and  F. 

Initial  stress  state  after 
dewatering  and  excavation 

77.  The  first  important  step  in  the  analysis  was  to  establish  the  initial  state  of 
stress  in  the  natural  soil  after  the  excavation  for  construction  of  the  lock  and  in  the 
lock  walls  after  placement  of  the  concrete.  This  was  accomplished  in  two  steps; 

(1)  placement  of  the  natural  soil  at  the  configuration  of  the  excavation  and  (2)  place¬ 
ment  of  the  wall.  Figure  28  shows  a  plot  of  the  mobilized  shear  strength  of  the 
natural  soil.  Figure  29  shows  the  distribution  of  vertical  stresses  in  the  lock  wall  after 
its  placement.  Figure  30  shows  the  distribution  of  the  minor  principal  stress  in  the  wall 
after  its  placement.  When  minor  principal  stresses  in  an  element  exceed  the  limiting 
value  of  negative  57,600  psf  (400  psi)  or  a  zone  of  element  has  stresses  greater  than 
43,200  psf  (300  psi),  a  crack  is  assumed  to  occur.  Negative  values  denote  tensile 
stresses,  while  positive  values  denote  compression. 
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Placement  of  backfill 

78.  Figures  31  and  32  show  the  contours  of  the  vertical  and  horizontal  dis¬ 
placement,  respectively,  resulting  from  the  placement  of  the  backfill  prior  to  the  estab¬ 
lishment  of  the  crack  at  the  comer  of  landward  ceiling  of  the  filling/emptying  culvert. 
The  greatest  vertical  displacement  is  0.29  ft  and  is  located  on  the  boundary  between 
the  backfill  and  natural  soil.  As  found  by  Clough  and  Duncan  (1969),  the  maximum 
displacement  is  located  midway  in  the  soil  stratum  being  placed.  The  maximum  verti¬ 
cal  displacement  in  the  wall  occurs  near  the  top  of  the  wall  and  is  less  than  0.04  ft. 
The  maximum  horizontal  displacement  is  0.12  ft  and  is  located  at  the  top  of  the 
chamber  wall.  These  displacements  occur  during  the  placement  of  the  backfill  and  to 
our  knowledge  no  measurements  are  available  for  comparison.  Figure  33  shows 
mobilized  shear  strength  for  the  soil  after  backfill  placement.  The  shear  strength  in 
the  backfill  is  fully  mobilized  near  the  top  of  the  wall.  This  is  expected  because  the 
wall  is  moving  away  from  the  backfill  Initiating  the  beginning  of  the  development  of 
active  earth  pressures. 

79.  Figure  34  shows  the  distribution  of  the  minor  principal  stresses  and  the 
deformed  shape  of  the  wall  and  surrounding  backfill  after  placement  of  the  backfill. 
Figure  35  shows  that  the  value  of  the  minor  principal  stress  near  the  landward  corner 
of  the  ceiling  of  the  culvert  has  exceeded  the  limiting  value  for  initiation  of  a  crack. 
Figure  35  shows  that  one  element  has  exceeded  the  57,600  psf  (400  psi)  level  and 
Figure  36  shows  a  zone  surrounding  the  landward  ceiling  corner  with  stresses  greater 
than  42,000  psf  (290  psi).  The  differences  in  stress  levels  shown  in  Figures  35  and 
36  is  due  to  the  contouring  algorithm  in  the  plotting  software.  In  Figures  35  and  36, 
the  initiation  of  the  crack  can  be  seen.  Figure  37  shows  the  distribution  of  the  major 
principal  stresses  and  the  deformed  shape  of  the  wall  and  surrounding  backfill  after 
placement  of  the  backfill.  The  maximum  compressive  stresses  ranging  from 
120,000  (833  psi)  to  1 10,000  psf  (764  psi)  are  found  on  the  chamber  face  of  the  wall 
at  the  change  in  slope  near  the  toe  and  surrounding  the  chamber  side  of  the  ceiling 
cornel  ui  the  Culvert.  Figure  38  shows  the  major  principal  stresses  surrounding  the 
landward  ceiling  corner  of  the  culvert.  The  major  principal  stresses  at  the  corner  are 
approaching  zero.  This  analyses  was  used  to  establish  the  lateral  earth  pressure 
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required  to  cause  the  existing  crack  at  the  landward  ceiling  corner  of  the  filling  and 
emptying  culvert. 

80.  Once  the  crack  has  formed,  zero  tensile  strength  and  stiffness  is  provided 
across  the  crack  and  stresses  carried  across  prior  to  the  formation  of  the  crack  are 
redistributed  into  other  portions  of  the  wall.  Figures  39  and  40  show  the  distribution  of 
vertical  and  horizontal  displacements,  respectively.  The  displacements  are  essentially 
the  same  with  or  without  the  crack.  Figure  41  shows  the  distribution  of  the  minor 
principal  stresses  and  the  deformed  shape  of  the  wall  and  surrounding  backfill  after 
placement  of  the  backfill  for  this  case.  In  Figure  42,  a  ^’•'se-up  of  the  culvert  region 
is  shown.  From  this  figure,  the  opening  of  the  crack  can  be  seen.  A  gap  to  the  back¬ 
filled  face  of  the  wall  is  not  seen  in  this  figure  because  the  computed  displacements 
are  so  small,  but  the  crack  is  open  to  the  backfill  face  of  the  wall.  Comparing  the 
minor  principal  stress  distribution  in  Figure  41  with  that  in  Figure  34  shows  that  the 
tensile  stresses  once  carried  across  the  crack  are  redistributed  to  the  concrete  along 
the  chamber  side  of  the  culvert  and  to  the  concrete  below  the  culvert.  Before  crack¬ 
ing,  the  minor  principal  stress  in  these  regions  ranged  from  approximate  0  to  - 
12,000  psf  (83.33  psi).  After  the  formation  of  the  crack  the  minor  principal  stresses 
increased  in  tension  in  these  regions  to  a  range  from  -4,000  psf  (27.8  psi)  to  - 
16,000  psf  (111.1  psi).  Figure  43  shows  the  distribution  of  the  major  princioal  stresses 
and  the  deformed  shape  of  the  wall  and  surrounding  backfill  after  placement  of  the 
backfill  for  this  case.  The  maximum  compressive  stresses  ranging  from  120,000  psf 
(838  psi)  to  108,000  psf  (750  psi)  are  found  on  the  chamber  face  of  the  wall  at  the 
change  in  slope  near  the  toe  and  surrounding  the  chamber  side  of  the  ceiling  corner 
of  the  culvert.  These  stress  levels  and  locations  are  approximately  the  same  as  seen 
in  Figure  37.  Figure  44  shows  the  major  principal  stresses  surrounding  the  landward 
ceiling  corner  of  the  culvert.  The  major  principal  stresses  at  the  corner  are 
approaching  zero. 

81.  Figure  45  show  the  resulting  lateral  earth  pressures  acting  on  a  vertical 
plane  directly  over  the  heel  and  the  pressuremeter  results  from  Gannet  Fleming 
Engineering’s  investigation  (1986).  The  predicted  lateral  earth  pressures  show  good 
agreement  with  the  pressuremeter  results  in  the  upper  portion  of  the  backfill.  In  the 
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mid  height  range,  predicted  values  are  higher  than  the  pressuremeter  results.  In  the 
lower  portion  of  the  backfill,  there  were  no  pressuremeter  results  for  comparison. 
Figure  46  shows  the  shear  stress  from  the  finite  element  analysis  on  the  vertical  plane 
above  the  heel.  The  shear  stress  in  the  upper  portion  of  the  backfill  relates  to  a  wall 
friction  of  8  to  10  deg  and  in  the  lower  portion  of  the  backfill,  it  relates  to  a  wall  friction 
of  28  to  30  deg. 

Placement  of  the  anchors 

82.  Figure  47  shows  contours  of  the  horizontal  displacements.  It  shows  that 
the  post-tensioning  of  the  anchor  moves  the  top  of  the  wall  back  into  the  backfill  by 
0.003  ft.  This  is  an  expect  result  of  the  post-tensioning  of  the  anchors.  Figure  48 
show  the  distribution  of  the  minor  principal  stresses  and  the  deformed  shape  of  the 
wall  and  surrounding  backfill  after  placement  of  the  anchors.  It  shows  a  slight 
increase  in  the  compressive  stresses  on  the  face  of  the  chamber  and  surrounding  the 
culvert.  Also,  there  is  a  change  in  the  stresses  at  the  anchor  head.  Figure  49  shows 
the  distribution  of  the  minor  principal  stresses  and  the  deformed  shape  of  the  wall  and 
surrounding  backfill  after  placement  of  the  anchors.  The  distribution  of  stresses  is 
only  changed  in  the  top  of  the  wall  with  a  slight  reduction  in  the  minimum  value  of  the 
tensile  stresses,  26,390  psf  (183  psi)  to  24,610  psf  (171  psi).  Figure  50  shows  a 
close-up  near  the  culvert.  The  crack  has  partially  closed  with  the  placement  of  the 
anchors.  This  is  consistent  with  the  leakage  found  in  the  field.  The  leakage  suggests 
that  the  crack  is  not  completely  closed. 

Lower  pool 

83.  Figure  51  shows  the  distribution  of  horizontal  displacements.  It  shows  that 
the  top  of  wall  moved  0.001  ft  toward  the  backfill  due  to  the  raising  of  the  water  in  the 
lock  chamber  to  the  lower  level.  Figures  52  and  53  show  the  distribution  of  the  major 
and  minor  principal  stresses,  respectively,  and  the  deformed  shs^^e  of  the  wall  and 
surrounding  backfill  after  raising  the  pool  to  el  200  ft.  The  distribution  of  stresses 
shows  a  slight  reduction  in  the  maximum  and  minimum  stress  levels.  These  results 
show  that  this  load  case  is  less  critical  than  the  dewatered  case. 
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upper  pool 

84.  Figure  54  shows  the  distribution  of  horizontal  displacements.  It  shows  that 
the  top  of  wall  moved  0.009  ft  toward  the  backfill  due  to  the  raising  of  the  water  in  the 
lock  chamber  to  the  lower  level.  Figures  55  and  56  show  the  distribution  of  the  major 
and  minor  principal  stresses,  respectively,  and  the  deformed  shape  of  the  wall  and 
surrounding  backfill  after  raising  the  pool  to  el  240  ft.  The  distribution  of  stresses 
shows  a  slight  reduction  in  the  maximum  and  minimum  stress  levels. 

Summary  and  Conclusions 

85.  The  static  stress  analyses  have  shown  that  the  most  critical  loading  condi¬ 
tion  is  when  the  lock  is  completely  dewatered.  For  this  condition,  the  static  analyses 
have  shown  that  the  chamber  lock  walls  were  overstressed  in  the  past,  due  most  likely 
to  over  compaction  of  backfill  and  the  20  ft  higher  than  anticipated  water  level  in  the 
backfill.  This  overstressing  was  sufficient  to  cause  the  present  crack  from  the  upper 
landward  comer  of  the  filling/emptying  culvert  and  extending  to  the  surface  of  wall  on 
the  landward.  Once  the  crack  had  occurred  and  the  anchors  were  placed  (the  current 
state  of  the  walls),  the  analyses  show  that  the  tensile  stress  that  caused  the  crack  to 
form  has  been  redistributed  to  the  concrete  along  the  chamber  side  of  the  culvert  and 
to  the  section  below  the  culvert.  This  redistribution  of  tensile  stresses  has  not 
overstressed  the  lock  walls  and  leaves  them  with  a  factor  safety  greater  than 

2.0  (tensile  stress  of  180  psi  from  analyses  versus  400  psi  cracking  limit)  against  ten¬ 
sile  stress  induced  cracking.  The  compressive  stresses  are  well  below  (3.5  times)  the 
lowest  compressive  strength  found  in  the  laboratory  test  program.  The  location  of  the 
highest  compressive  strength  is  in  an  area  where  the  concrete  deterioration  has  been 
a  problem. 
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PART  V:  SEISMIC  ANALYSIS  OF  THE  NORTH  WALL  OF  THE  EISENHOWER 
LOCK  INCLUDING  FLUID-SOIL-STRUCTURE  INTERACTION 


Introduction  and  Objectives 

86.  The  active  earth  pressures  and  water  pressures  due  to  a  horizontal  seismic 
motion  on  the  lock  have  been  estimated  for  the  Eisenhower  Project  Site.  Response 
spectra  from  the  Operating  Basis  Earthquake  (OBE)  and  Maximum  Credible  Earth¬ 
quake  (MCE)  were  used  to  perform  the  linear  dynamic  stress  analysis.  Two  dimen¬ 
sional  plane  strain  analysis  was  used  to  estimate  earth  pressures  and  water  pres¬ 
sures.  These  pressures  were  then  added  to  the  dynamic  results  to  yield  the  final 
stress  values.  Figure  57  shows  a  typical  section  of  the  north  wall  of  the  lock. 

87.  The  purpose  of  the  present  report  is  to  use  current  analysis  methods, 
which  could  incorporate  the  effects  of  soil  structure  interaction  for  a  seismic  analysis  of 
the  lock.  In  addition,  the  report  provides  pertinent  state-of-the-art  information  on  soil- 
structure  interaction  and  identifies  critical  areas  of  the  lock  structure  that  should  be 
carefully  engineered. 


General  Overview  of  Analysis 


88.  Retaining  walls  designed  for  earthquake  effects  may  be  grouped  into  two 
main  categories  on  the  basis  of  their  failure  mode: 

a.  Gravity  retaining  walls,  using  the  mass  of  the  wall  for  stability,  which  fail 
by  sliding  or  by  overturning.  These  may  be  called  displacement- 
governed  walls.  The  internal  force  levels  in  such  walls  are  of  secondary 
Importance. 

b.  Cantilever,  tied-back  or  braced  walls,  which  fail  by  fracture  or  yield  of 
one  of  the  structural  components  involved.  These  walls  may  be  called 
force-governed  walls.  For  at  least  some  part  of  such  structural  systems 
the  internal  force  level  is  important. 

The  present  analysis  assumes  that  no  displacement  failure  is  anticipated,  and  the 
Eisenhower  Lock  is  composed  of  force-governed  walls. 

89.  Generally  the  objectives  in  earthquake-resistant  design  are  as  follows: 
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a.  To  ensure  that  no  significant  structural  damage  results  from  a  moderate 
earthquake  having  a  reasonable  likelihood  of  not  being  exceeded  during 
the  life  of  the  structure. 

b.  To  ensure  against  collapse  or  major  structural  failure  for  a  rare  severe 
earthquake. 

90.  The  first  design  objective  can  be  met  by  sizing  the  structural  members 
such  that  their  strengths  will  not  be  significantly  exceeded  in  an  earthquake  of  moder¬ 
ate  intensity.  At  this  design  level,  the  behavior  is  essentially  linear  elastic  and  applica¬ 
tion  of  elastic  response  spectrum  analysis  can  be  used  to  arrive  at  critical  member 
forces. 

91 .  The  second  design  objective  of  ensuring  against  a  major  structural  failure 
is  often  met  by  employing  design  details  that  ensure  ductile  behavior. 

92.  These  two  objectives  can  be  met  if  the  necessary  steel  reinforcement  is 
provided.  This  is  always  the  case  for  residential  buildings  and  a  certain  class  of  life¬ 
line  structures  such  as  bridges.  For  retaining  walls  that  are  very  lightly  reinforced 
however,  the  objectives  are  still  the  same,  but  the  objectives  are  met  in  a  somewhat 
different  way. 

93.  The  "dual  spectrum  approach"  is  used  if  two  distinct  levels  of  prescribed 
earthquake  excitations  are  employed  to  meet  the  two  aforementioned  design  objec¬ 
tives.  The  higher  intensity  motion  is  often  called  "maximum  credible  earthquake" 
(MCE)  or  ductility  level  earthquake  and  the  lower  level  motion  is  referred  to  as  "operat¬ 
ing  basis  earthquake"  or  strength  level  earthquake.  The  MCE  spectrum  reflects  an 
envelope  of  response  values  which  have  a  high  probability  (e.g.,  85-95  percent)  of  not 
being  exceeded  during  the  lifetime  of  the  structure.  The  QBE  spectrum  has  a  moder¬ 
ate  probability  (e.g.,  50-60  percent)  of  not  being  exceeded.  The  structure  should  not 
suffer  any  damage  from  the  OBE.  Damage  is  acceptable  for  the  MCE,  but  the  struc¬ 
ture  should  remain  mostly  intact  and  not  experience  a  catastrophic  failure. 

94.  For  gravity  retaining  walls  and  in  particular  for  forced-govemed  walls,  the 
members  are  sized  so  that  failure  is  avoided  and  only  reparable  damage  is  allowed  to 
develop.  This  is  accomplished  by  sizing  the  wall  sections  so  that  the  strength  of  the 
contraction  material  will  be  exceeded  in  limited  areas  that  retain  the  function  of  the 
structure  and  are  accessible  to  retrofiting  after  the  earthquake. 
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95.  The  analysis  reflects  the  "dual  approach."  The  procedure  for  both  the 
OBE  and  MCE  is  the  same  with  the  only  difference  being  the  intensity  of  the  lateral 
forces  acting  on  the  lock  wall. 

96.  The  following  steps  comprise  the  analysis: 

a.  Evaluate  lateral  stiffness  of  soil  in  contact  with  the  wall. 

b.  Evaluate  earth  pressures  on  the  wall. 

c.  Stress  analysis  using  the  OBE  and  MCE  loading  conditions. 

The  dynamic  analysis  of  the  wall  was  performed  with  ADINA  (ADINA  1988). 

97.  The  wall  was  modeled  with  plane  strain  rectangular  elements,  while 
spring  elements  were  used  to  represent  the  soil.  The  evaluation  of  the  spring  con¬ 
stants  is  based  on  state-of-the-art  soil  dynamics  procedures.  The  minor  differences  of 
the  frictional  angle  of  the  soil,  and  the  modulus  of  elasticity  of  the  concrete  E^,,  used  in 
the  static  analysis  and  the  dynamic  analysis  are  insignificant  given  the  complexity  of 
the  system  and  the  computational  procedures  in  both  analyses.  The  finite  element 
method  (FEM)  modelling  of  the  lock,  i.e.,  size  of  elements,  and  mesh  were  performed 
according  to  guidelines  found  in  FEM  literature  (Bathe  1 982).  The  FEM  model  used  to 
extract  the  mode  shapes  as  well  as  performing  the  response  spectra  analysis  is 
shown  in  Figure  58. 

98.  The  analysis  revealed  that  the  soil-structure  interaction  (SSI)  does  not 
effect  the  dynamic  response  of  the  lock  significantly  -  at  least  the  effects  on  the 
natural  frequency  of  the  fundamental  mode  shape.  Without  the  soil,  the  natural  fre¬ 
quency  was  12.1  Hz;  with  the  soil,  the  natural  frequency  was  12.7  Hz,  for  a  total  per¬ 
cent  difference  of  4.7  percent. 

99.  As  a  consequence  of  this  small  change,  the  earth  pressures  acting  on  the 
wall  have  been  changed  insignificantly  from  the  ones  evaluated  without  soil-structure 
interaction. 

100.  It  should  be  pointed  out  that  SSI,  as  has  been  accounted  for  in  this  analy¬ 
sis,  is  a  rough  approximation  of  SSI  behavior  under  seismic  loads.  Salient  deficien¬ 
cies  of  the  analysis  include: 

a.  Evaluation  of  the  soil  spring  stiffness  from  a  shear  modulus,  Gg,  esti¬ 
mated  from  earthquake  induced  strains. 
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b.  Assumption  that  the  soil  stiffness  is  constant.  This  is  not  always  a 
conservative  assumption  since  the  magnitude  of  the  soil  stiffness  is 
highly  dependent  on  the  frequency  of  the  excitation  (Wolf  1 985). 

c.  Neglect  of  radiation  damping  in  the  soil.  Radiation  damping  is  a  mea¬ 
sure  of  the  energy  loss  from  the  structure  through  radiation  of  waves 
away  from  the  footing,  i.e.,  it  is  a  purely  geometrical  effect.  For  hori¬ 
zontal  and  vertical  translations,  radiation  damping  may  be  large 
(greater  than  1 0  percent  of  critical  damping). 


Analysis 

101.  The  seismic  analysis  used  the  response  spectra  method.  Two  cases 
were  considered: 

a.  OBE  with  5  percent  damping. 

b.  MCE  with  10  percent  damping. 

The  10  percent  damping  for  the  MCE  is  an  approximation  that  accounts  for  structural 
damage.  This  is  a  standard  method  used  in  response  spectra  and  thus  linear  for 
seismic  analysis. 

102.  The  response  spectra  for  both  the  OBE  and  MCE  is  an  envelope  of  maxi¬ 
mum  values  of  the  site  specific  response  spectra  provided  by  Krinitzsky  (1991).  The 
response  spectra  are  for  a  Modified  Mercalli  intensity  VIII  earthquake.  The  time  histo¬ 
ries  and  response  spectra  are  for  a  near  field,  hard  site,  and  shallow  earthquake.  The 
response  spectra  used  are  shown  in  Figure  59. 

1 03.  A  total  of  1 0  mode  shapes  were  used  to  compute  the  seismic  stresses. 
The  method  used  a  standard  response  spectra  method  to  combine  the  stresses  from 
each  mode  shape  to  calculate  the  net  stresses.  This  method  was  a  square  root  sum 
of  squares  (SRSS)  method,  thus  all  stress  values  are  positive.  Although  this  is  con¬ 
fusing  at  first,  it  causes  no  problems  in  interpreting  the  results.  Since  it  is  an  earth¬ 
quake  loading  and  thus  a  cyclic  loading,  the  stresses  are  equally  likely  to  be  tensile  or 
compressive.  Simply  adding  the  dynamic  stress  to  the  static  stresses  will  give  the 
largest  tensile  stresses  which  are  important  to  determine  if  failure  is  occurring. 

104.  The  static  stresses  are  from  the  SSI  calculations  covered  previously  in 
this  report.  Note  that  the  sign  convention  for  the  stresses  are  different.  Tensile 
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stresses  are  positive  while  compressive  stresses  are  negative.  Also,  note  that  all 
dimensions  and  elevations  are  given  in  inches  and  stresses  are  in  pounds  per  square 
inch. 


Results 

105.  The  results  from  the  dynamic  analysis  are  shown  starting  with  Figure  60. 
This  figure  is  a  contour  plot  of  the  maximum  principal  stresses  for  the  OBE  loading. 
The  largest  stress  value  is  300  psi  located  at  el  2,678  on  the  exterior  or  right  face  of 
the  lock.  This  stress  is  well  within  the  tensile  strength  of  the  concrete  (f^sSOO  psi). 

106.  The  results  for  the  MCE  are  shown  in  Figure  61.  The  maximum  stress 
value  is  in  the  same  location  as  is  the  OBE.  Now,  the  maximum  principal  stress  is 
405  psi.  This  is  getting  close  to  the  tensile  strength  of  the  concrete. 

107.  Combining  the  OBE  stresses  with  the  static  stresses  changes  the  maxi¬ 
mum  stress  value  very  little.  The  OBE  combined  with  the  static  load  case  is  shown  in 
Figure  62.  The  combination  did  create  another  high  stress  region  near  the  base  of  the 
right  face.  This  new  stress  is  225  psi. 

108.  Figure  63  shows  the  MCE  stresses  combined  with  the  static  stresses. 
Again,  very  little  change  occurs  in  the  location  or  magnitude  of  the  maximum  stress 
value.  It  is  at  el  2,678  on  the  exterior  face  of  the  lock.  The  stress  near  the  base  of 
the  right  face  is  now  250  psi. 

109.  For  this  structure,  since  the  maximum  dynamic  stresses  occur  near  the 
top  of  the  structure,  which  is  a  low  stress  area  for  the  static  load  case,  and  since  the 
static  stresses  are  high  in  a  region  where  the  dynamic  stresses  are  low,  the  combina¬ 
tion  of  static  and  dynamic  stresses  does  not  generate  very  high  stress  levels. 

Conclusions 

110.  For  both  the  OBE  and  MCE  conditions,  catastrophic  failure  of  the  lock 
wall  is  unlikely  to  occur.  No  damage  should  occur  during  the  OBE  event  with  a  maxi¬ 
mum  principal  stress  of  300  psi.  There  is  a  possibility  of  damage  to  the  structure 
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during  the  MCE  event  near  the  top  of  the  structure  where  the  sloping  face  transitions 
into  a  vertical  face.  If  damage  does  occur  during  the  MCE  event,  no  more  than  about 
5  to  10  percent  of  the  section  would  be  damaged. 


44 


PART  VI:  CONCLUSIONS 


111.  For  static  loading  and  with  the  current  condition  as  analyzed,  the  chamber 
wall  monoliths  at  Eisenhower  and  Snell  Locks  show  no  evidence  of  being  over¬ 
stressed.  The  results  of  the  static  analyses  show  that  the  chamber  wall  monoliths 
have  ♦ensile  stresses  below  200  psi  and  compressive  stresses  less  than  1 ,000  psi. 
These  stress  levels  are  below  any  of  the  strengths  determined  from  the  laboratory 
testing  program  (390  psi  for  tensile  splitting  tests  and  3,660  psi  for  compression  tests). 
The  highest  stresses  under  static  loading  are  in  areas  of  low  strength  as  determined  in 
the  testing  program.  If  for  some  reason  the  cross  sectional  area  is  significantly 
reduced,  such  as  concrete  deterioration  as  found  in  the  history  of  Eisenhower  Lock, 
the  structural  integrity  would  be  in  question.  It  is  important  for  the  SLSDC  to  maintain 
an  aggressive  maintenance  program  of  replacing  deteriorated  concrete.  Immediate 
attention  should  be  given  to  the  repair  of  deteriorated  concrete  near  the  bottom  of  the 
lock  walls  at  Eisenhower  Lock. 

112.  For  seismic  loading  events,  catastrophic  failure  of  the  lock  walls  is 
unlikely.  No  damage  should  occur  during  the  OBE  event  where  combined  static  and 
dynamic  tensile  stresses  reaches  300  psi.  There  is  a  possibility  of  some  damage  to 
the  walls  during  the  MCE  event  near  the  top  of  the  structure  where  the  sloping  face 
transitions  into  a  vertical  face.  If  damage  does  occur  during  the  MCE  event,  no  more 
than  about  5  to  1 0  percent  of  the  section  would  be  damaged.  Where  the  MCE  event 
has  a  low  likelihood  of  occurrence  and  the  damage  level  is  low,  it  would  be  prudent  to 
wait  and  make  repairs  to  the  chamber  walls  after  such  an  earthquake  event. 
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Table  1 


Lock 

Boring 

No. 

Elevation 
Top  of 
Boring, 
ft. 

Eisenhower 

N-53 

251.5 

Eisenhower 

N-57 

251.5 

Eisenhower 

S-17 

251.5 

Eisenhower 

S-19 

251.5 

Eisenhower 

SS-18 

251.5 

Eisenhower 

SS-19 

251.5 

Snell 

N-56 

205.0 

Snell 

S-15 

205.0 

Elevation  Concrete 
Top  of  Bonded 


Rock,  ft 


141.1 


138.9 


141.9 


140.8 


105.9 


to  Rock 


Elevation 
Bottom  of 
Boring 


No 

120.4 

131.1 

No 

126.5 

125.0 

Yes 

128.7 

122.8 

No 

122.5 

129.0 

NA 

215.7 

35.8 

NA 

216.5 

35.0 

NA 

131.1 

73.9 

No 

100.7 

104.3 

*  Boring  did  not  extend  to  concrete  rock  interface. 
NA  -  Not  applicable. 


Table  2.  Visual  Inspection  of  Cores  for  Eisenhower  and  Snell  Locks 


Hole 

Box 

No. 

Specimen 

No. 

Concrete 
or  Rock 

Comments 

N-53 

4 

38 

Concrete 

Dense,  well  consolidated 

39 

Concrete 

Dense,  well  consolidated 

10 

40 

Concrete 

Minor  voids;  poor  agg/paste  interface 

41 

Concrete 

Minor  voids 

19 

42 

Concrete 

Considerable  voids;  poor  interface; 
chipped  end 

43 

Concrete 

Poor  consolidation;  broke  while  sawing 

25 

44 

Concrete 

Minor  voids;  poor  agg/paste  interface 

45 

Concrete 

Considerable  voids 

26 

46 

Concrete 

Minor  voids 

47 

1 

Concrete 

Considerable  voids;  poor  agg/paste 
interface 

28 

48 

Rock 

Sound,  intact 

49 

Rock 

Sound,  intact 

19 

43R 

Concrete 

Minor  voids;  poor  agg/paste  interface 

N-57 

7 

1 

Concrete 

Broke  in  half  while  sawing 

1 

2 

Concrete 

Minor  voids 

15 

3 

Concrete 

Minor  voids;  poor  interface 

4 

Concrete 

Minor  voids 

19 

5 

Concrete 

Minor  voids;  chipped  end;  poor 
interface 

6 

Concrete 

Considerable  voids;  chipped  end 

25 

7 

Concrete 

Considerable  voids;  poor  agg/paste 
interface;  big  rock 

8 


Considerable  voids;  poor  interface 


Concrete 


Table  2.  (Continued) 

Box 

Specimen 

Concrete 

Hole 

No. 

No. 

or  Rock 

Comments 

26 

9 

Concrete 

Minor  voids;  poor  interface: 
chipped  end 

10 

Concrete 

Considerable  voids 

29 

11 

Rock 

Sound,  intact 

12 

Rock 

Sound,  intact 

7 

1R 

Concrete 

Minor  voids:  poor  agg/paste 
interface;  big  rock 

S-17 

7 

13 

- 

Concrete 

Minor  voids;  one  big  rock  in 
specimen 

14 

Concrete 

Minor  voids 

10 

15 

Concrete 

Minor  voids 

16 

Concrete 

Minor  voids 

17 

17 

Concrete 

Minor  voids;  #5  steel  anchor  in 
specimen 

18 

Concrete 

Minor  voids;  poor  agg/paste  inter¬ 
face 

24 

19 

Concrete 

Minor  voids 

20 

Concrete 

Minor  voids 

26 

21 

Concrete 

Minor  voids 

22 

Concrete 

Minor  voids;  poor  interface;  big 
rock 

r 

27 

23 

Both 

Good  bond  @  C/R  interface 

29 

24 

Rock 

Sound,  intact 

1 

25 

Rock 

Sound,  intact 

Table  2.  (Continued) 


Hole  Box 
No. 


S-19  1 


N-56 


Specimen 

No. 

Concrete 
or  Rock 

Comments 

26 

Concrete 

Minor  voids:  poor  interface 

27 

Concrete 

Minor  voids;  poor  interface; 
chipped  end;  big  rock 

28 

Concrete 

Minor  voids:  chipped  end 

29 

Concrete 

Minor  voids;  chipped  end 

30 

Concrete 

Considerable  voids 

31 

Concrete 

Minor  voids 

32 

Concrete 

Minor  voids 

33 

Concrete 

Minor  voids:  big  rock 

34 

Concrete 

Minor  voids;  big  rock 

35 

Concrete 

Minor  voids:  poor  interface:  big 
rock 

62 

Concrete 

1 

Dense,  well  consolidated 

63 

Concrete 

Dense,  well  consolidated 

64 

Concrete 

Minor  voids 

65 

Concrete 

Minor  voids 

66 

Concrete 

Minor  voids 

67 

Concrete 

Minor  voids 

68 

Concrete 

Minor  voids 

69 

Concrete 

Minor  voids 

70 

Concrete 

Minor  voids 

71 

Concrete 

Minor  voids;  chipped  end 

Table  2.  (Concluded) 


Hole 


S-15 


Specimen 

No. 

Concrete 
or  Rock 

Comments 

50 

Concrete 

Minor  voids 

51 

Concrete 

Minor  voids 

52 

Concrete 

Minor  voids;  poor  interface 

53 

Concrete 

Minor  voids 

54 

Concrete 

Considerable  voids;  poor  interface 

55 

Concrete 

Considerable  voids;  poor  agg/paste 

interface 

56 

Concrete 

Minor  voids 

57 

Concrete 

Minor  voids 

58 

Concrete 

Minor  voids 

59 

Concrete 

Minor  voids 

60 

Rock 

Sound,  intact 

61 

Rock 

Sound,  intact 

Table  3.  Results  of  Tests  on  Cores  from  Eisenhower  Lock,  Hole  N*53 


Table  4.  Results  of  Tests  on  Cores  from  Eisenhower  Lock,  Hole  N-57 


Table  6.  Results  of  Tests  on  Cores  from  Eisenhower  Lock.  Hole  S  I  9 


Table  7.  Results  of  Tests  on  Cores  from  Snell  Lock,  Hole  SOS 


Table  8.  Results  of  Tests  on  Cores  from  Snell  Lock,  Hole  N-56 


Figure  1.  Vicinity  map 
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Figure  2.  Location  of  Eisenhower  and  Snell  Locks  on  the  Wiley-Dondero  Canal  at 
Massena,  New  York 
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Figure  3.  Plan  view  of  Eisenhower  Lock  (not  to  scale) 
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Figure  4, 


Typical  section  through  south  wall  chamber  monoliths  (not  to  scale) 
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Figure  8.  Variation  of  concrete  compressive  strengths  with  depth 


DEPTH,  FEET 


-100 


o  EISENHOWER,  HOLE  N-53 
«  EISENHOER,  HOLE  N-57 
D  EISENHOWER,  HOLE  S-17 
-  EISENHOWER,  HOLE  S-19 
•  SNELL,  HOLE  S-15 
■  SNELL,  HOLE  N-56 


-120 


0  100  200  300  400  500  600  700  800  9001000 


TENSILE  STRENGTH,  PSI 


Figure  9.  Variation  of  concrete  tensile  strengths  with  depth 
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Figure  10.  Variation  of  modulus  of  elasticity  of  the  concrete  with  depth 


igure  1 1 .  Typical  cross  section  through  the  chamber  at  Eisenhower  Lock 


Figure  13.  Typical  cross  section  of  chamber  wall  monolith  on  the  south  side  at 
Eisenhower  Lock 
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Figure  14.  Typical  cross  section  of  chamber  wall  monolith  on  the 
north  side  at  Eisenhower  Lock 


Figure  15.  Typical  cross  section  of  chamber  wall  monolith  on  the  south  side  at 
Snell  Lock 
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Figure  18.  Basic  elevations  and  dimensions  for  the  model  ot  south  chamber  wall 
monoliths  at  Eisenhower  Lock 


Figure  20.  Configuration  for  the  model  of  north  chamber  wall  monoliths  at  Eisenhower  Lock 


Figure  21.  Configuration  for  the  model  of  south  chamber  wall  monoliths  at  Eisenhower  Lock 


Configuration  for  the  model  of  north  chamber  wall  monoliths  at  Snell  Lock 


Figure  23.  Finite  element  mesh  for  the  model  of  north  chamber  wall  monoliths  at  Eisenhower  Lock 


Figure  24.  Finite  element  mesh  for  the  model  of  south  chamber  wall  monoliths  at  Eisenhower  Lock 


Figure  25.  Finite  element  mesh  for  the  model  of  north  chamber  wall  monoliths  at  Snell  Lock 
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EARTH  PRESSURE  AFTER  COMPACTION  (psf) 


Figure  27.  Effects  of  compaction  of  lateral  earth  pressures  (Clough  and  Duncan 
1969) 
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Figure  33.  Mobilii  ed  shear  st-en.gth  mobilization  after  backfill  placement 
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Figure  35.  Minor  principal  stresses  level  in  element  near  the  culvert  without  crack 
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Figure  36.  Distribution  of  minor  principal  stresses  near  the  culvert  without  crack 
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Figure  38.  Distribution  of  major  principal  stresses  near  the  culvert  without  crack 
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jrc  39  Distribution  of  vortical  displacements  after  backfill  placement  with  crack 
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uro  40.  DistriDuTion  of  horizontal  displacements  after  backfill  placement  with  crack 
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ure  42.  Distribution  of  mir  or  principal  stresses  near  The  culvert  with  crack 
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Figure  44.  Distribution  of  major  principal  stresses  near  the  culvert  with  crack 
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Figure  45.  Lateral  earth  pressure  on  a  vertical  plane  above  the  heel  after  backfill 
placement 
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Figure  46.  Shear  stress  on  a  vertical  plane  above  the  heel  after  backfill  placement 


NOUHL  DlSPLHCtMEST 


3  a  a 


t  huri^oriTa!  displacements  atter  placement  of  the  anchors 


NODRL  RESULTS 


ion  of  minor  orincipal  stresses  near  the  culvert  after  placement  of  the  anchors 


NOORL  DISPLHCEfIFNT 


Distribution  of  horizontal  displacements  after  raising  the  pool  to  El  200  ft 
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Figure  57 .  Typical  section  of  the  north  wall  of  Eisenhower  lock 
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PSEUDO  ACCELARATION 


Figure  59.  OBE  and  MCE  response  spectra  for  Eisenhower  locks 
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Figure  60.  Principal  stress  contours  for  OBE  event 
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Figure  61 .  Principal  stress  contours  for  MCE  event 
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Figure  63. 


APPENDIX  A:  INTERGOVERNMENTAL  AGENCY  AGREEMENT 


APftlZ  wo 


Cfeei/  Alos/i 


Study  Management/ Project  Engineering  Branch 

SUBJECT:  Structural  Evaluation,  Eisenhower/Snell  Locks 


Mr.  Steven  Hung 

Contracting  Officer's  Representative 

Saint  Lawrence  Seaway  Development  Corporation 

Office  of  Engineering  and  Planning 

Post  Office  Box  520 

Massena,  New  York  13662-0520 

Dear  Mr .  Hung : 

Enclosed  is  the  final  Scope  of  Work  for  the  subject  study. 
The  Waterways  Experiment  Station  (WES)  will  be  performing  the 
bulk  of  the  work  for  this  study.  Their  Detailed  Scope  of  Work  is 
incorporated  into  the  final  Scope  of  Work.  The  Mobile  District 
of  the  Corps  of  Engineers  will  be  doing  the  core  drilling  and 
sampling  under  the  direction  of  WES.  The  Buffalo  District  will 
be  preparing  the  final  report  and  is  also  responsible  for  study 
coordination  and  overall  project  management.  The  North  Central 
Division  (NCD)  of  the  Corps  in  Chicago  and  the  Office  of  the 
Chief  of  Engineers  (OCE)  in  Washington  are  providing  technical 
assistance. 

The  study  cost  is  estimated  at  $570,000.  A  detailed  cost 
estimate  and  study  schedule-  are  contained  in  the  enclosed  scope. 

The  study  is  proceeding  in  accordance  with  the  schedule 
contained  in  the  interagency,  agreement  between  your  agency  and 
the  Corps  of  Engineers.  The  agreement  was  signed  on 
February  2,  1990  by  General  Patin.  I  anticipate  on-site  work 
will  commence  on  May  15,  1990.  My  project  manager  will  provide 
you  a  monthly  report  on  the  progress  of  the  study. 
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Study  Management/ Project  Engineering  Branch 

SUBJECT:  Structural  Evaluation,  Eisenhower/Snell  Locks 


My  point  of  contact  pertaining  to  this  matter  is  Mr.  Michael 
Barton,  P.E.,  of  the  Study  Management/ Project  Engineering  Branch 
who  may  be  contacted  at  716-879-4231  or  by  writing  to  him  at  the 
above  address. 

Sincerely, 

BKOCB  W.  lAlGl 

ti.8.  jmct 

Bruce  W.  Haigh 

Lieutenant  Colonel,  U.S.  Army 
Acting  District  Commander 
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STRUCTURAL  EVALUATION  OF  EISENHOWER  AND  SNELL  LOCKS 


SAINT  LAWRENCE  SEAWAY 
MASSENA,  NEW  YORK 


1.  PURPOSE  AND  SCOPE 


The  purpose  of  the  structural  evaluation  of  Eisenhower  and 
Snell  Locks  is  to  determine  the  adequacy  of  the  existing  locks  in 
light  of  their  present  condition  and  future  needs,  and  the 
advisability  of  their  rehabilitation.  The  scope  of  this  study 
will  focus  on  the  internal  structural  integrity  of  the  chamber 
wall  monoliths  at  each  lock.  The  study  will  review  the  past 
history  of  the  St.  Lawrence  Seaway  Development  Corporation 
(SLSDC)  structural  repairs  to  these  monoliths  and  will  evaluate 
their  current  internal  condition  based  on  field  investigations, 
detailed  finite  element  analyses  and  seismic  analyses.  The  Corps 
will  also  review  previous  reports,  including  the  Gannett  Fleming 
reports  to  identify  pertinent  information  and  acceptable  existing 
data  for  use  in  the  subject  evaluation. 

The  study  will  be  divided  into  three  phases: 

Phase  I  -  Field  Investigation  and  Laboratory  Testing 
Program;  This  phase  of  the  study  will  determine  the  current 
state  of  the  in-situ  concrete  in  the  chamber  wall  monoliths  and 
determine  the  concrete  properties  needed  for  the  stress  analyses. 

Phase  II  -  Static  Stress  Analysis:  The  state  of  stress 
within  the  chamber  wall  monoliths  will  be  examined  by  performing 
two-dimensional  soil -structure  interaction  finite  element 
analyses  of  two  monoliths  at  Eisenhower  and  one  at  Snell. 

Phase  III  -  Seismic  Stress  Analysis:  Dynamic  finite 
element  analyses  of  two  monoliths  will  be  performed  to  assess 
their  structural  integrity  during  an  earthquake.  To  support  the 
dynamic  analysis,  a  geological-seismological  investigation  will 
be  conducted  to  provide  the  ground  motions,  time  histories,  and 
corresponding  response  spectra  that  could  be  expected  during  a 
seismic  event. 

The  findings  from  these  three  phases  will  be  used  by  the 
Waterways  Experiment  Station  (WES)  to  assess  the  adequacy  of  the 
existing  locks,  and  for  WES  to  make  recommendations  on  the 
possible  needs  for  future  rehabilitation. 
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2.  PROJECT  MAKAGEMENT 

The  Buffalo  District  will  be  responsible  for  project 
management  during  this  evaluation.  These  duties  include  the 
following: 

a.  Provide  monthly  progress  reports  to  the  SLSDC  with 
copies  furnished  to  North  Central  Division  and  Office  of  the 
Chief  of  Engineers. 

b.  Coordinate  the  schedule  for  work  being  done  by  various 
Corps  agencies. 

c.  Initiate  funding  documents  for  work  by  other  Corps 
agencies  relating  to  this  evaluation. 

d.  Monitor  funds  used  and  report  usage  to  the  SLSDC. 

e.  Serve  as  point  of  contact  for  SLSDC  and  all  Corps 
agencies  involved. 

f.  Coordinate  OCE  and  NCD  review  of  all  documents  generated 
by  this  evaluation. 

g.  Perform  .^r  miscellaneous  project  management  tasks  as 
required  (exampij;  arrange  purchase  and  delivery  of  core  boxes 
for  drilling) 

3.  DETAILED  SCOPE  OF  WORK 

Tn  the  following  sections,  the  general  scope  of  work 
presented  in  the  Intergovernmental  Agency  Agreement  has  been 
expanded  to  provide  the  SLSDC  the  necessary  information  to  assess 
the  adequacy  of  the  proposed  study. 

Phase  I  -  Field  Investigation  and  Laboratory  Testing  Program 

The  field  investigation  and  laboratory  testing  program  will 
be  conducted  to  provide  the  necessary  parametric  data  to  support 
the  static  and  seismic  analyses.  The  Mobile  District  will  be 
conducting  the  drilling  operation.  Continuous  six  inch  diameter 
core  will  be  obtained  from  vertical  core  borings  will  be  made  six 
representative  locations,  four  at  Eisenhower  Lock  (in  monoliths  - 
N53,  N57,  S19,  and  S18)  and  two  at  Snell  Lock  (in  monoliths  -  N56 
and  S15) .  Each  boring  will  be  approximately  125  feet  deep  and 
will  penetrate  10-15  feet  into  the  bedrock  beneath  the  locks  to 
check  for  apy  unknown  rock  cavities.  A  total  of  750  linear  feet 
of  6-inch  diameter  core  will  be  obtained.  Core  drilling  will  be 
performed  from  the  top  of  the  lock  walls.  For  monoliths  N53  and 
N57  at  Eisenhower  Lock  and  N56  at  Snell  Lock,  the  borings  will  be 
located  approximately  4  ft  from  the  face  of  the  lock  wall  to 
avoid  the  cable  gallery.  All  borings  will  be  located  to  insure 
no  interference  with  the  main  conduit  or  any  ports  for  filling 
and  emptying.  All  coring  will  be  accomplished  with  a  single 
drill  rig  and  with  only  one  mobilization.  Mobile  District  will 
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provide  a  borehole  camera  to  be  used  to  visually  inspect  the 
existing  conditions  of  the  concrete  and  rock  core  holes.  WES 
will  have  a  concrete  technologist  on  site  to  log  and  inspect  the 
cores.  All  core  will  be  wrapped  with  material  to  resist  drying. 
The  core  will  be  stored  on  site  in  space  provide  by  SLSDC. 

Three  additional  core  borings  will  be  made  depending  on  the 
budget  and  if  a  distinction  can  be  made  between  lift  joints  and 
cracks.  Two  will  be  made  at  Eisenhower  Lock  in  monoliths  S19  and 
S18  and  one  in  monolith  S15  at  Snell  Lock.  The  borings  will  be 
located  as  close  as  possible  to  the  back  of  the  walls.  The 
borings  will  extend  to  a  depth  of  approximately  20  feet.  These 
bs  used  to  investigate  the  possibility  of  the  existent  of  a 
crack  near  the  top  of  the  wall  where  the  back  of  walls  changes 
slope.  If  the  budget  permits,  these  borings  will  be  made  in 
addition  to  the  six  primary  borings.  If  not,  three  of  the  six 
primary  borings  will  be  reduced  in  depth  to  allow  these  borings 
to  be  made. 

Once  the  coring  is  complete,  samples  will  be  selected  for 
laboratory  testing.  The  following  tests  will  be  performed. 


Concrete  Tests 

Type  of  Test 

Number  of 

1. 

Unconfined  Compressive  Strength 

30 

2. 

Poisson's  Ratio 

30 

3. 

Elastic  Modulus 

30 

4. 

Splitting  Tensile 

30 

5. 

Specific  Gravity,  Absorption,  Voids 

30 

6. 

Ultrasonic  Pulse  Velocity 

30 

7. 

Direct  Shear 

10 

8. 

Petrographic  Examination 

2 

*  These  are  only  approximate  numbers  of  tests  and  are  subject  to 
change  after  viewing  the  cores.  Extra  laboratory  tests  have  been 
included  to  compensate  for  any  inconsistent  test  results  due  to 
the  6-inch  maximum  size  aggregate.  The  results  will  be  presented 
in  a  report. 
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Rock  Tests 


Type  of  Test  Number  of  Tests* 

1.  Unconfined  Compressive  Strength  12 

2.  Poisson's  Ratio  12 

3 .  Elastic  Modulus  12 

4.  Ultrasonic  Pulse  Velocity  12 

5.  Direct  Shear  at  Interface  2 

*  These  are  only  approximate  numbers  of  tests  and  are  subject  to 
change  after  viewing  the  cores.  Extra  laboratory  tests  have  been 
included  to  compensate  for  any  inconsistent  test  results  due  to 
the  6-inch  maximum  size  aggregate.  The  results  will  be  presented 
in  a  report. 

Phase  II  -  Static  Stress  Analysis 


The  static  stress  analysis  phase  focuses  on  the  evaluation 
of  internal  structural  integrity  of  the  chamber  walls  monoliths 
at  Eisenhower  and  Snell  Locks.  Of  primary  concern  is  the  state 
of  stress  of  the  concrete  in  the  chamber  walls.  The  stress 
conditions  in  the  chamber  walls  results  from  gravitational  forces 
on  the  walls  and  from  external  forces  applied  by  the  backfill, 
water,  and  other  possible  external  loads.  The  stress  analyses 
will  be  performed  by  using  the  finite  element  method.  Three 
typical  concrete  chamber  wall  monoliths  will  be  analyzed,  a  north 
and  a  south  wall  at  Eisenhower  and  a  south  wall  at  Snell.  Each 
monolith  will  be  analyzed  for  three  loading  conditions:  normal 
operation  with  upper  pool  in  the  chamber;  normal  operation  with 
lower  pool  in  the  chamber;  and  the  maintenance  condition  with  the 
chamber  fully  dewatered. 


The  analyses  will  be  performed  using  the  computer  program 
"SOILSTRUCT"  written  by  Dr.  G.  Wayne  Clough  and  co-workers  at 
Virginia  Polytechnic  Institute  and  State  University.  SOILSTRUCT 
was  specifically  developed  to  model  complex  soil-structure 
interaction  problems  by  the  finite  element  method.  The  code  has 
been  used  to  analyze  a  wide  variety  of  problems,  such  as 
navigation  locks,  retaining  walls,  supported  excavations,  dams, 
tunnels,  foundations,  and  cofferdams.  The  analysis  will  be  an 
incremental  soil-structure  interaction  analysis  where  the 
placement  of  the  concrete  and  the  backfill  is  simulated  in  order 
to  obtain  the  induced  stresses  in  the  system.  The  incremental 
analysis  applies  the  loads  to  the  model  in  small  increments  to 
allow  the  nonlinear  constitutive  model  for  the  soil  and  interface 
to  adjust  during  the  loading  increment. 


The  study  will  commence  by  reviewing  construction  records 
and  previous  studies  of  the  locXs.  From  this  information,  the 
characterization  of  the  backfill  and  foundation  and  a  preliminary 
characterization  of  the  concrete  will  be  made.  The  chamber  wall 
monoliths  will  be  reviewed  for  selection  of  the  monoliths  for 
analysis.  After  selection  of  the  monoliths,  a  finite  element 
grid  will  be  developed  for  one  of  the  selected  monoliths.  The 
grid  will  allow  for  a  simulation  of  a  crack  from  the  upper  corner 
of  the  culvert  to  exterior  surface  of  the  wall  and  the  placement 
of  a  post-tension  anchor  across  the  crack.  The  grid  will  include 
a  sufficient  portion  of  the  foundation  and  backfill  as  needed  to 
represent  their  interaction  with  the  structure.  Special 
interface  elements  will  be  used  between  the  wall  and  the 
foundation  and  between  the  wall  and  the  backfill.  The  rock 
foundation  will  be  modeled  as  a  linear  elastic  material  with  its 
properties  determined  from  the  laboratory  testing  program.  The 
backfill  soil  will  be  represented  as  a  nonlinear  material  using 
the  Duncan-Chang  hyperbolic  model.  The  parameters  for  the  model 
will  be  developed  from  previous  soil  tests  and  correlations  with 
published  values.  The  grid  will  be  evaluated  for  accuracy  and 
adjustments  will  be  made  if  found  necessary.  Using  the  initial 
characterizations  for  foundation,  backfill,  and  concrete,  a 
complete  analysis  of  this  monolith  will  be  made  so  that  the 
accuracy  of  the  model  can  be  assessed.  Adjustments  to  the  model 
may  also  be  necessary  at  this  point.  Once  the  model  has  been 
proven  to  ba  sufficiently  accurate,  grids  for  the  other  selected 
monoliths  will  be  generated.  This  work  can  be  done  concurrently 
with  the  field  investigation  and  laboratory  testing. 

After  the  field  investigation  and  laboratory  testing  has 
been  completed,  the  final  material  characterizations  will  be  made 
for  the  analyses.  Once  the  final  material  characterizations 
have  been  completed,  each  of  the  three  monoliths  will  be  analyzed 
for  the  three  loading  conditions.  The  results  from  the  three 
analyses  will  be  processed  and  evaluated  in  light  of  the  internal 
structural  integrity  of  the  walls.  The  results  will  be  presented 
in  a  report. 

Phase  III  -  Seismic  Stress  Analysis 

A  seismic  analysis  will  be  conducted  on  either  Eisenhower 
or  Snell  lock  depending  upon  which  structure  will  be  subjected  to 
the  highest  seismic  accelerations.  If  earthquake-ground 
accelerations  are  approximately  the  same,  the  seismic  analysis 
will  be  conducted  on  Eisenhower  Lock,  since  it  has  the  poorest 
concrete  conditions.  To  determine  the  strongest  ground  motions.,  a 
geological-seismological  investigation  will  be  conducted  to 
provide  the  peak  values  of  acceleration,  velocity,  and  duration 
for  comparison  of  earthquake  ground  shaking  between  both  sites. 
Time  histories  (accelerograms)  and  corresponding  response  spectra 
will  be  provided  to  represent  site-specific  cyclic  shaking  as  it 
would  be  felt  at  the  structure  experiencing  the  strongest 
disturbance . 
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Once  the  most  critical  structure  is  determined,  it  will  be 
analyzed  considering  three  loading  conditions  in  conjunction  with 
an  operating  basis  earthquake  (OBE) .  The  three  load  cases  are: 
normal  operation  with  upper  pool  in  the  chamber;  normal  operation 
with  lower  pool  in  the  chamber;  and  the  maintenance  condition 
with  the  chamber  fully  dewatered.  Two  different  typical  lock- 
wall  monoliths  will  be  analyzed  using  two-dimensional  (2-D) 
finite  element  procedures  with  a  response  spectra  from  the  OBE. 
These  analyses  will  consider  the  2-D  dynamic  behavior  of  the 
structure,  hydrodynamic  response  of  the  water  in  the  lock,  and 
the  dynamic  lateral  earth  pressures.  The  active  dynamic  soil 
pressures  will  be  computed  using  the  Mononobe-Oakbe  equation,  and 
the  passive  pressures  will  be  computed  from  either  a  Coulomb  or 
log  spiral  analysis.  The  foundation  of  the  lock  will  be 
considered  rigid.  Static  stresses  from  Phase  II  will  be  used 
with  the  dynamic  stresses  in  order  to  determine  the  total  state 
of  stress  within  the  structures. 

These  analyses  will  provide  a  preliminary  structural 
evaluation  of  this  structure  for  a  seismic  event  of  the  site.  If 
the  total  state  of  stress  is  within  the  allowable  limits  of  the 
material,  no  further  seismic  stress  analyses  will  be  necessary. 
However,  if  these  analyses  indicate  that  cracking  is  likely,  a 
seismic  analysis  using  a  time-history  acceleration  record  and  a 
nonlinear  concrete  model  should  be  considered.  Such  an  analysis 
is  beyond  the  scope  of  work  for  this  study  and  would  require 
additional  funds. 

Mr.  Mosher  will  be  the  WES  point  of  contact  for  the  study. 
He  will  also  be  the  principal  investigator  for  the  static 
analysis.  Dr.  Hall  will  be  the  principal  investigator  for  the 
seismic  analysis.  Dr.  Krinitzsky  will  be  responsible  for 
conducting  the  geological-seismological  investigation.  Dr.  Denson 
will  be  responsible  for  overseeing  WES  personnel  performing  the 
logging  and  inspection  of  core  at  the  site  and  directing  the 
concrete  testing  program. 

4.  SCHEDULE  SUMMARY 


The  following  is  a  summary  of  the  schedule  for  the 
completion  of  the  structural  evaluation. 


TASK 

START  DATE 

COMPLETE  DATE 

Notice  to  Proceed 

1/29/90 

Initial  Site  Visit 

2/20/90 

2/22/90 

Prepare  Detailed  Scope 

of  Work  2/22/90 

4/9/90 

Field  Investigation 

5/1/90 

10/15/90 

Static  Analysis 

5/1/90 

4/15/91 

Seismic  Analysis 

5/1/90 

4/15/91 
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COMPLETE  DATE 
5/15/91 
6/15/91 
7/15/91 


5.  FINAL  REPORT 

The  Buffalo  District  will  be  responsible  for  preparing  the 
final  report.  The  report  will  summarize  all  work  which  tcpok 
place  during  the  evaluation  and  review  recommendations  relating 
to  future  maintenance  of  the  locks.  The  reports  generated  by  WES 
will  be  appendices  to  the  main  report.  The  report  will  be 
created  in  draft  format  for  technical  review  by  OCE,  NCD,  WES, 
and  Buffalo  District  personnel.  Review  comments  will  be 
addressed  and  when  required  will  be  incorporated  into  the  final 
report.  Following  a  short  Corps  review,  the  final  document  will 
be  forwarded  to  SLSDC. 

6.  SUMMARY  OF  COSTS 

Following  is  a  summary  of  costs  necessary  to  conduct  the 


study ; 

Drilling,  sampling,  borehole  camera  work, 

and  other  misc.  field  work  (Mobile  District)  $116,000 

Site  engineer/geologist  (WES)  30,000 

Laboratory  testing  program  (WES)  40,000 

Static  analysis  (WES)  165,000 

Seismic  analysis  (WES)  152,000 

Project  management  (Buffalo  District)  24,000 

Final  report  and  coordination  (Buffalo  District)  34,000 

OCE  technical  assistance  3,000 

NCD  technical  assistance  6,000 

TOTAL  STUDY  COST  $570,000 
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APPENDIX  B:  FIELD  BORING  LOGS 
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VERTICAL  BREAK 
00,4*  -  61.r 


61.V  -  66.r  GOOD  CONCRETE 
ENTRP.  AF  1  mm  -  5  mm 
DIA..  AVC.  2  mm,  SLIGHTLY 
LESS  AIR  JHHi  ABOVE. 

1  LG.  PC.  ACG.  5”  OIA. 

AT  63.4*  REMM4S: 

GOOD  OIST. 


61.1*  -  71.V 
7  PC.  0.7* 

1.2* 

1.3* 

1.8* 

RUN  FELL  OUT  OF 
BARREL  ON  TO  GROUND. 


66.1*  -  71.4*  GOOD  CONCRETE 
ENTRP.  MR 


SmE  AS  ABOVE 


ENG  F0RM1836-A  mcwus  lomom  m.  okoixtc. 


I^MOJCCT 

EISENHOWER  *90 


ORILLiNG  LOG  (Cont  Sh««U 


mojccT 

EVALUATION  Of  ElSEfMWER 


EUVATKM  TOP  Of  HOU 


SNELL  LOCKS 


USLS  Holt  No.  N*53 


SMcer  5 

EISENHOWER  LOCK  of  11  »crTs 


AGG.  SIZE  AVG.  DEC.  TO 
2.5  cm  SO.  81.5'  -  86.5’ 
SMALL.  RED  P>^TICLES 
LOOKS  LIKE  BRICK  IN  CEMENT. 
CRACKS  THROUGH  OUT. 
LONGEST  PC.  REC.  1.0* 


>M3UNDANT  O^TRP.  AF  1mm 
D  A.  AVG. 


86.5*  •  91.0* 

GOOD  CONCRETE  AVG.  AGG. 
SIZE  INCRE.  TO  4.0  cm 
BETTER  BONDING  W/  AGG. 
THAN  ABOVE.  LESS  ENTRP. 
AIR  OIA.  *  1  mm  -  1  cm  AT 
CRACK  AT  86.5* 


91.0'  -  95.9*  GOOD  CONCRETE 
ENTRP.  AIR  2  mm  -  5  mm 
OCC.  IRREG.  BUB  1  -  2  cm 
LONG.  GOOD  CONSOLIDATION 
GOOD  AGG.  OIST. 


JL 


%r%  2  by  V«UM.  PRODUCTS  SCCTIOH  ••  ITL  tor  ^OI^VOH  TlObCtW  L^CHATOUt 


ORM.LING  LOG  (Coot  Sh««U 


eiCVATION  TOP  OF  HOU 


PHOJtCT 

EVALUATION  OF  OSEIMWER  AND  SNELL  LOCKS 


USLS  Hole  No.  N-53 


»CCT  10 

EISENHOWER  LOCK  or  11  »cets 


105.4'  -  111.7' 

WENT  BACK  OVER 
CORE  LEFT  IN  HOLE 
AFTER  MOO.  SPRING 

2  PC. 

REC.  5.6' 

1.6' 


CONCRETE/ROCK  INTERFACE 
NO  BONO 

110.4'  -  112.0'  MISSING  SDE 
OF  JT.:  DOLOMITE  V.  HARD. 
BLACK/CRAY  V.  FINE 
LAMINATED 


112.0'  -  120.4' 

V.  GOOD  V.  HARO. 
BLACK/GRAY  LAMINATED 
DOLO.  INTRBD.  W/SH>^.E. 
CLAY  LAYER  .03' 

THICK  AT  113.4'  SHALE. 
LAYERS  AT  N.L  BREAKS 
.05'  -  0.2'  THICK. 


112.0'-  120.4' 


1.6' 

0.05'  MS 
1.3' 

0.05'  MS 
1.7' 

0.05'  MS 
i.r 
0.2* 

0.05'  MS 
1.1' 

0.2'  CHIP 


ALSO  REC.  1.2  OF 
LEFT  SIDE  OF 
VERTIOM-  FX.  AT 
110.4'  -  112.0* 


116.6*-  119.4* 

MOTTLED  DOLO. 

CAL.  BLEBS  UP  TO  4  cm 
LONG.  3  mm  THCK 


■A 


»f  VttUAt  WWOUCTS  *C1I0N  -  ITL  iTQmiAllON  ?CO«lO(.OCT  lAMORAIONY 


r 


Hol«  Ho. 


N-57 


n 


251.5 


241.5 


1-H 


2H 


4H 


5— I 


6  — 


7-H 


JOH 


MB 


MB 


MB 


MB 


MB 


ORILLMC  LOG 

tlSTN.LATlON 

EISENHOWER  LOCK 

SHEET  1  1 

OF  11  SCETS  1 

1.  PROXCT 

EVALUATION  Of  EISENHOWER  AND  SNELL  LOCKS 

10  WE  AM)  TTPC  OF  BT  DIAMOND 

n  o.Tuu  ro*  CLXVATDM  SOWN  rrm  *  hsu 

USLS  -  MSL 

2.  location  RMnONNi  dr  SdMiV 

MONOLITH*  N-57  LOCK  STATION  506.00 

12  IIANUFACT1ACR*S  DCSttNATlON  OF  OBLL 

FAILING  1500 

3.  ORLIWC  ACCNCr 

MOBILE  DISTRICT 

13.  total  no.  Of  OVER-  ;OlSTOR8ED 

BURDEN  SAI^ES  TAKEN  0 

UN0ISTUR8CD  1 

_  0  1 

4.  hole  no.  (Af  dimni  dn  w^/ig  Wm 

N-57 

H.  TOTAL  NUMER  CORE  BOXES  30 

NAic  or  drllcr 
carl  MOON 

IS.  ELEVATION  GROUM)  WATER 

t.  mcction  of  hole 

vntTif  di  p- IdMTiAtf’n  nre  r»r>u  wtbt 

w  ni-ir  unr  ISTAWItO  ;COMn.CTCO 

».  DATE  hole  ;  5  gg  )  g  gg 

17,  elevation  TOP  Of  hole  251.5' 

7.  THCXNCSS  OF  OVCRSURDCN  Q  . 

18.  total  core  recovery  FOR  BORMC  X 

8.  depth  DRU.LCD  MTO  ROCK  ^2.4 

It.  SICNATURC  OF  MSPECTOR 

M.EILEEN  GLYNN 

#.  TOTAL  depth  of  HOLE  125.0 

aASSriCATION  of  materuls 


0.0'  -  3.0’ 

GOOD  NEW  CONCRETE. 

ENTRP.  AIR  1  mm  •  1  cm  OIA. 

mostly  V.  small  hr  bubs. 

0.4’  •  0.8’  MISSING 
BECAUSE  IT  WAS  BEATEN  * 
BROKEN  OUT  Of  CORE 
BARREL  CATCHER. 


3.0*  *  4.7’ 

GOOD  NEW  CONCRETE. 


4.7’-  7.r 

GOOD  NEW  CONCRETE. 
GOOD  CONSOL.  WHITE  RXN. 
MTL.  ON  BREAK  4.7' 

AIR  ENTRP,  1  mm  -  5  mm 
DIA.  AVC.  1mm 


7.r  -  8.2’ 

GOOD  CONCRETE. 

PC.  OF  STEEL  T -SHAPE  AT 
7.2’  -  AIR  1  mm  -  2  mm  DIA. 


ENG  FORM  1836  previous  coitons  arc  ossoictc 


X  CORE 
RECOV- 
CRr 


100 


100 


80 


BOX  OR 
SAI«>LC 

NO. 


4.7 


8.2 


RCI1M«(S 

fOrtUnq  Mm  # 

ms,  tr  algKinm*> 


0.0’  -  0.8’ 
IPC.  0.4- 
RUBBLE  0.4’ 


0.8*  -  3.0’ 
IPC.  1,2’ 


3.0’-  5.4’ 
IPC.  1.9- 


5.4’  - 
REC. 


7.r 
2  PC. 
1.8 
4.6 


7.r-  «.4’ 

HAVING  TROUBLE 
LIFTING  SAMPLE 

1  ST.  TRY  REC.  0.7' 

2  NO.  TRY  0.5’ 

QUIT 


L 


PROUCCT 

EISENHOWER  ’00 


N-57 


J 


ORLLMC  LOG  (Cent  Sheet) 


nragccT 

EISENHOMTER  LOCK 


OCVATION  TQF  OF  HOLE 

251.5 

No. 

N-57 

SCCT  5 

or  n  swiTS 


45.5'-52.8*  GOOO  CONCRETE. 
ENTRP.  AIR  1  nwn-1  cm 
THROUGHOUT. 


45.5'-55.0‘ 
2  PC.  4.50* 
5.00* 


BREAK  AT  50.0*  IS  PL^WAR 
BUT  A  UTTLE  ROUGH.  50.0'- 
52.8*  -  MNOR  DEGRADATION 
AROUND  ACC.  NOT  SEEN 
/«OVE  OR  BELOW. 


52.8*-55.0*  GOOO  CONCRETE. 
ENTRP.  MR  lm-3  mm  OIA. 
THROUGHOUT. 


54.8'-55.0'  BROKEN  AND 
BEATEN  OUT  OF  BARREL. 
55.0'-65.0*  GOOO  CONCRETE. 
*  ENTRP.  NR  1  mm-1  cm  OIA. 

»  •  OCC.  2  cm  IRREG.  BUB. 


55.0'-65.0' 

3  PC.  6.40* 

1.90* 

1.70* 

BOTTOM  OF  RUN  WAS 
BEATEN  W/HAMMER  TO 
LOOSEN.  DO  NOT  TEST 
63.5'-65.0*. 


ENG  F0RM1836*A  ncvnus  cnnoNS  /mt  ouarrt. 


GSENHOWER  *90 


ENG  F0RMt836*A  ncvnus  comoNs  mc  oesarrc. 


PROJECT 


etSENHOWER  '00 


«r«pMM  Hr  pnoomcts  ncrm  -  rn.  fm  ■tommatkm  TEOMOtoirr 


ORLLMG  LOG  (Gont  SNmU 

CLCVAT1CM  TCr  OT  HOU 

Hola  No. 

N-57 

moxcr 

EISENHOWER  LOCK 

NSTM4^TI0M  | 

IMCCT  10 

OF  11  S»CETS 

cumncATnN  or  matoials 


MMAMS 

MKM.r  aMOM) 


105.7'-112.6'  GOOD  CONCRETE. 
GOOD  CONSOLIDATION  ENTRP. 
AIR  2  fi*n-5  mm  DIA.  OCC. 

1  cm  DIA.  AIR  LESS  ABUNDANT 
AT  TI1.0'-112.6'. 


105.0'-115.0' 
2  PC.  3.70' 
4.70' 
CHPS  1.60' 


TI2.6'-113.3'  GOOD  DOLOMITE. 
HARD.  GRAY. 

113.3'-115.0*  POOR  ROCK. 
dolomite  INTERBEDED 
W/SHALE.  EVERY  O.V  TO  0.4' 
MOSTLY  BROKEN  -  SOME 
POKER  CHP  RECOVERY, 


NOT  ONE  PC.  INTACT 
113.3'-115.0’. 


115.0'-115.3’  SHALE  WEAK. 
BLACK  POKER  CUP  115.3'- 
117.r  DOLOMITE  V.  H/W. 


115.0'-125.0' 

16  PC. 

VERTICAL  BREM 
AT  115.3'-116.2' 


117.r-11fl.0’  DOLOMITE 
INTERBED  W/SHALE  BEDS  AND 
STRINGERS. 


r  0RM1B36*A  mtvKu  amow  mt  omxrrc. 


HSENHOWER  '90 


)fy09<}24  srs  5.2  9-<ipMc«  by  VtSUM,  PnOOOClS  SCCTtOH  -  tTL  for  #rO<lKArW  TCCHNOLOCr  L/W0«4r0(tT 


DRJLUNG  LOG 

1.  PROJECT 

EVALUATION  OF  EISENHOWER  MD  STCLL  LOCKS 

2.  LOCATION  ftMMv  or  SWM 

MONOLITH-  5-17  LOCK  STATION  192.50 

3.  OfOLUNC  ^ttENCY 

MOBILE  DISTRICT 

4.  HOU  NO.  (Ag  NIBMI  on  «wAv  INN 

mtfrnmm^} _ j  S-17 _ 

5.  NMC  Of  DRU.D) 

CARL  MOON _ 

6.  OfCCTION  Of  HOLE 


□D  VERTICAL  a  »CLHEO  _ 

7.  TWOOCSS  Of  OVERaUROCN 

8.  DEPTH  DBUED  KTQ  RQCX 

9.  TOT^  DEPTH  Of  HOLE 


Hola  No.  S"17 

iCTi^iATioN  |s»crr  1 

_ EISENHOWER  LOCK  ly  11  s»crrs 

1 10.  SIZE  AND  TYPE  Of  BIT  6  INCH  DIAMOND _ 

Tt  DATUM  FOR  aEVATiDN  SHOWN  «r  tOU 

US  LAKE  SURVEY  (USLS)  251.5* _ 

tL  MANUFACTURErS  DESlCNATION  Of  ORKX 

FAILING  150U  _ 

U.  TOTAL  HO.  OF  OVER-  jD6T\JR8ED  jUMXSTURBED 


U.  TOTAL  HO.  OF  OVER-  JD 

BURtCN  SMPLES  TNCEN  i 

■  ■  ■  ■  m,:  — 

U.  TOTAL  NUIgCW  CORE  BOXES 
IS.  ELEVATION  GROUND  WATER 


«.  DATE  HOLE 


.  DEC.  FROM  VERT. 


•STARTED 

;  14  MAY  90 


;UMX5TURBED 


|C0i#»LETED 

!  19  MAY  90 


17.  ELEVATION  TOP  Of  HOLE  25L5 

18.  TOTAL  CORE  RECOVEHY  FOR  BORINC 
«.  SKMATURE  OF  MSPECTOR 

M.ELEEN  GLYN _ 


CLASSnCATION  OF  MATERlMiS 
UJmalttknf  ^ 


0.0'  -  2.5'  GOOD  CONCRETE 
NB  V.  WEATHERED  SURFACE 
W/KON  STONING.  ♦  ENTR/MN 
AIR  1  mm  DIA.  0  cc.  ENTRP. 
AIR  THRU  OUT  MB  HAS 
ENTRAIN  BUB  *  1  mm  DIA. 
THRU  OUT 


X  Ca*E  I  BOX  OR  I 
RECOV-  SXI«>LE 


ROURKS 
MMr  taK  IX 

wHR^nBi  ^  r 

_ q 

DRILL  TIME  -=  20  MIN. 
HYD.  PRES  =  300 
RUN  1 
0.0'  -  2.5' 


2.5'  -  5.0'  GOOD  CONCRETE 
ACC.  EVEN  DIST. 

2.5'-  3.5' LARGER  ENTRP.  AIR 
0.5  cm  -  2  cm  LONG 


DRILL  TIME 
HYD.  PRES 
RUN  2 
2.5'-  5.0' 


20  MIN. 
300 


3.5'-  5.0' ENTRP.  AR 
LESS  FREQ.  (3-5  mm  DIA.) 


5.0'  -  7.2'  GOOD  CONCRETE 
HARD.  AR  ENTRP. 

(1  mm-1  cm)  MB  AT  LG.  ACC. 


DRILL  TIME 
HYD.  PRES  ' 
RUN  3 
5.0'  -  7.2' 


20  MIN. 
300 


245.5  6- 


7.2’-  9.7' GOOD  CONCRETE 
HARD.  AR  ENTRP. 

*  ENTRAIN.  ALONG  MB., 
BREAK  AT  BOULDER.  ♦  WH. 
CRUST  MTL.  ON  BRK. 


DRILL  TIME  »  20  MIN. 
HYD.  PRES  •  300 
RUN  4 
7.2’-  9.7' 


SEE  NEXT  SHEET  (2) 


ENG  FORM  1836  PNCV10US  CDTriONS  4NE  OtSOLtT^ 

UM?  71 


EISENHOWER  LOCK 


trt  i  toy  V«0<L  PNQOUCIS  SECTION  *  ITI.  for  troRMATON  TCOWOLOOT  LiieORATORY 


DRILLING  LOG  (Cent  Sh««U 


RIOJECT 

EVALUATION  OF  EISENHOWER 


ELEVATION  TOP  OF  HOLE 

251.5 


MSTALIATM 

SNELL  LOCKS 


CUOSrCATXM  or  IIATI3M.S 


9.7’  -  14.7’  GOOD  CONCRETE 
ENTRP.  AIR  ■  1  cm  OIA. 
THRU  OUT  1  LG.  BUB 
AT  10.7*  (2  cm  DEEP  X 
2  cm  LONG  X  1  cm  WIDE) 


m  ENTRAIN  AIR  «  1-3  mm  DIA. 
to  I  THRU  OUT  ACC.  GOOD  DISTR. 


Holt  No.  S-17 


MSTAtXATlON 

SMKT  2 

EISENHOWER  LOCK 

Of  11  s>crTs 

HYD. PRES  »  300 
DRILL  ACTION  .‘SMOOTH 
1  PC, RECOVERED 
5.0’ 

RUN  5 
9.7’  -  14.7' 


14.7’-  18.7’ GOOD  CONCRETE 
ABUNDANT  ENTRP.  AIR  • 

1  -  2  cm  DIA.  BREAK  AT  AGG 
NOT  ACROSS  AGG. 


ENTRAW  MR  •  1-2  mm  OIA 


W  18.7*  -  24.3’  GOOD  CONCRETE 
T  .  LESS  ENTRP.  MR 


ENG  rORM1836-A  rcvious  coikms  mc  oesoLTre 


PPOJCCT 

EISENHOWER  LOCK 


SYS  2  by  VISUAL  PWOOUCtS  SCCTOW  -  iTL  for  •TOWfATlON  TtCHNOLOCV  L>»OflATO«Y 


r 


Hol«  No.  S-17 


n 


DRUUNG  LOG 


l  PROJECT 

EV>M.UATION  OF  EiSEHHOWER  AND  S^€LL  LOCKS 


|2.  LOCATJOM  icmtuto  r  SMknl 

1  MONOLITH:  S-17  LOCK  STATION 

192.50 

|3.  DRn.LING  AGENCY 

1  MOBILE  DISTRICT 

1 4.  HOLE  NO.  WWm  Wf  0r90fia  Hm 

•w  m>/uNtar; 

I  S-17 

5.  NAME  OF  ORLLER 

CARL  MOON 

6.  ORCCTION  or  HOLE 

O  VERTICAL  n  MaNEO 

nFC.  FROU  VFRT_ 

_ 

7.  THOOCSS  OF  OVERBURDEN 

0 

- j 

1 

8.  DEPTH  DRLLED  WTO  ROCK 

13^' 

».  TOTAL  DEPTH  OF  HOLE 

122.8' 

1 

23H 


24H 


26H 


27H 


28  H 


29- 


30H 


31- 


32  -t 


MB 


EISENHOWER  LOCK 


s»crr 
OF  11 


3 

s»crrs 


10.  ag  AK>  TYPE  OF  BIT  6  >^CH  DIAMOND 


n.  DATUM  FOR  aEVATlON  SHOWN  (TBM  «r  MSU 

US  LAKE  SURVEY  (USLS)  251.5* 


12.  UANUFACTURErS  DCStCNATION  OF  DRHJ. 

FAILING  1500  _ 


13.  TOTAL  NO.  OF  OVER¬ 
BURDEN  SMf>LES  TM(EN 


iUKXSTURBED 


M.  total  number  core  boics  30 


IS.  aEVATlON  GROIMO  WATER 


«.  DATE  M0l£ 


STARTED 

H  MAY  90 


•COMPLETED 

;  19  MAY  90 


17.  ELEVATION  TOP  OF  HOLE  251.5 


».  TOTAL  CORE  RECOVERY  FOR  BOWNC 


SK»4AnjRE  OF  MSPECTOR 

M.E1LEEN  GLYN 


CLASSF1CAT10N  OF  MATERIN.S 
fOmert^knl 


24.3'  -  27.4*  GOOD  CONCRETE 
HARO.  ENTRAIN  AIR  1  mm  OIA. 
ENTRP.  AIR  -  3  mm  DIA.- 
2  cm  LONG  LARGE  VOID  AT 
25.7',  POSSIBLE  COLD  JT. 

AT  25.2' NO  COLOR  CHANGE 
JUST  A  THIN  WHITE  LINE, 
COULD  BE  A  HAIRLINE  CRACK. 


27,4’  -  34.3' 
ENTRP.  AIR  5 
1  cm  DIA., 
ENTRAIN  AIR  • 


1-2  mm 


CRACK  AT  31.5’ 


ENG  FORM  1836  PREVIOUS  EOrnONS  ARE  OBSOLETE. 


X  CORE 
RECOV¬ 
ERY 


BOX  OR 
SAM>LE 
NO. 


25.1 


30 


29.4 


REMARKS 

fOtWng  flam,  nmMt  Am  JWWf  cf 
ff  algitriomx} 


DRILL  TIME 
HYD. PRESS 
RUN  7 
24.3*  -  34.3' 
1  PC.  3.1' 


»  45 
300 


MIN. 


L 


PROJECT 

EISENHOWER  LOCK 


S-17 


J 


4r<9(iie«  Visual  PWXXKTTS  SCCflOW  •  ITL  for  •COftMATION 


SYS  2  «r4pNc«  ^  VISUM.  FWOUCfS  StCTCH  •  ITt  tor  IfOnMAriON  TCOVtOLOOT  LMMWATMY 


r 


n 


1 

CLfVATlON  TOP  OF  HOL£ 

■ 

1  DRILLING  LOG 

(Cent  srw«u 

251.5 

USLS 

Hole  No.  S-17 

1 

1  PROJECT 

MTALLATION 

9CCT  6 

1 

i  EVALUATION  OF  EISENHOWER  AND  SNEU  LOCKS 

EISENHOWER 

LOCK 

OF  11  S»€ETS 

1 

dCVATKM 

ocpm 

LEGCMD 

cuaaFCATKM  or  uatermu 

X  CORE 
RECOV- 

orr 

BOX  OR 
sMms 

NO. 

ROIARKS 

mwtmrUtg,  Me.  r 

1 

• 

k 

• 

d 

• 

i 

J _  P 

- 

"9  » 

a 

. 

a 

n  ■  » 

a 

1  ' 

t 

1  V  ‘ 

E 

55": 

: ,  mb  ; 

■ 

1 

9  '  ,  P 

,  ,  w\ 

55.2' 

-  55.9',  3  LG 

BUBS 

1 

“I 

9  • 

j  1.5  Cm  OIA.  X  1  cm 

DEEP 

■ 

MB 

1 

56": 

V 

^  f ; . 

55.9* 

-  59.8’ 

14 

DRILL  TIME  70  MN. 

■ 

_ 

GOOD  CONCRETE 

3  PC.  3.9’ 

■ 

»  •/  p 

AIR  ENTRP.  1  cm  DIA. 

2.4’ 

s 

- 

3.5' 

■ 

* 

J 

J 

57  — 

0  •  ■  A 

■ 

* 

J 

^  . 

■ 

* 

w  \ 

■ 

— 

9  '  ► 

■ 

• 

Bi 

— 

'  m 

J 

58— 

s 

• 

- 

'  MB 

58.4 

s 

■ 

— 

’ '  w 

aP 

k  ► 

9 

59  — 

■  T- 

9 

▼  . 

»• 

9  ■/  fc 

>9 

* 

MB 

9 

60  — 

9  '  _  k 

59.8' 

-  62.2' AIR  ENTRP. 

9 

AVG. 

0.5  cm  OIA. 

9 

“ 

W  \ 

k  ■  ■ 

9 

2 

;  V 

15 

m 

61 

w  \ 

k  '  P, 

3 

2 

1  ’  -■  .'•■  ' 

•  .»■  • 

— 

62  — 

■  <k_ 

•  MB  ’ 

62.2' 

H 

- 

■  k 

63.7' LESS  ENTRP. 

V 

NR  (1 

mm  ' 5  mm 

DIA) 

— 

— 

k.  . 

H 

k  h 

1 

^Ei 

MB 

63.1 

“ 

- 

'k 

k 

— 

- 

- 

63.7’ 

-  65.7*  MORE  ENTRP. 

k’ 

A(R.  AVG.  0.5  cm  2 

LG.  BUBS 

1.5  cm  LONG 

— 

■  k 

k"  '  . 

r 

16 

•— 

k' 

k’ 

z_ 

r  k 

'  k_ 

MB 

— 

Rk 

9 

EBI 

Ml 

ENG  rORM1836*A  pwious  cditkms  arc  oesaxTC. 


L 


IPROJCCT 

EISENHOWER  ‘90 


S-17 


J 


OfaLLMC  LOG  (Cont  S»m«U 


CL£v*TiaN  TOP  or  holt 


251.5  USLS  Hoi*  No.  S-17  _ 


mOJCCT  •STMXATiaM  9CET  g 

EVALUATION  OF  EISENHOWER  AND  SfCU  LOCKS  EISENHOWER  LOCK  or  11  »«ets 


CHIP  AT  77.»' 

78.2’  -  79.7'  GOOD  CONCRETE 
REBAR  AT  78.7' RUSTED 


AIR  ENTRP.  2  -  3  nun  DIA. 
ABUNO.  AT  79.2'-  79.7' 

79.7'  -  81.15'  GOOD  CONCRETE 
PC.  OF  AGG.  <4  IN) 

NR  ENTRP.  W/  RCT  MTL.  AT 
BREAK  POSSIBLY  WEATHERED. 
REBNT  AT  80.1' 


81.15'  -  84.6'  GOOD  CONCRETE 
LESS  AIR  ENTRP.  3  mm  DIA. 


MISSING  CHIPS  AT 
78.1' N<0  84.7' 


REBAR  AT  83.2' 

CRACK  W  ACC.  NENT  REBAR 


84.7'  -  85.6'  GOOD  CONCRETE 
INC.  IN  AIR  ENTRP.  THROUGH¬ 
OUT  1  BUB  AT  1  cm  DIA. 


85.6'  -  91.6'  GOOD  CONCRETE 
AIR  ENTRP.  1  cm  DIA.  ♦ 

1  cm  DEEP  -1 


DO  NOT  USE  LAST  PC. 
FOR  TESTING 
(WAS  BEATEN  OUT  OF 
CORE  BARREL) 

DRILL  TIME  >  70  MIN. 


87.0'  -  91.6'  GOOD  CONCRETE 
AIR  ENTRP.  AVE.  1-3  mm 
OCC.  1  cm  DIA. 

AIR  BUB  ADJ.  TO  AGG. 


85.6'-  95.1' 

4  PC.  6.00' 
2.25' 
1.10' 
0.40' 
0.15' 


ENG  FORM  1836*  A  mtvwus  tBTiows  /we  OBsoinc 


EISENHOWER  '90 


icuvahon  top  or  moix 


ORILLMG  LOG  (Cont  Sh««U 


PROJECT 

EV/1UAT10N  OF  ESENHOWER  WD  STCll  LOCKS 


USLS  Hoto  Wo.  S-17 _ 


WECT  10 

EISENHOWER  LOCK  _  or  11  $»cets 


101.8*  -  X)5.r 

GOOD  CONCRETE  ENTRP.  AW 
0.6  cm  DIA. 


CHIPS  AT  104.6‘  '  104.0* 


105.2*  -  109.6* 

GOOD  CONCRETE 
SOUNDS  DRUMMY. LOOKS 
MORE  POROUS  THAN  ABOVE 
HIGH  CONCENTRATION  OF 
ENTRP.  AIR  6  mm  - 
2  cm  LONG 
AVC.  3  mm  DIA. 


109.6*  ROCK  /  CONCRETE 
CONTACT.  GOOD  BONO 
V.  STRONG  ROCK.  OK  GRAY 
DOLOMITE  TO  115.4' 


JT. 

CRACK  AT  CONTACT 
IN  ROCK.  PROBABLY  MECH. 


CHPS  AND  DISCS 
113.7*  •  114.0* 


105.2*  -  115.4* 

6  PC.  5.5* 

0.2*  CHIPS 
0.7* 

1.7’ 

0.4' 

0.3'  CHIPS 
0.55* 

0.5’ 

DRILL  TNE  80  MIN. 


fYJi  4  *f  vnuii.  ^wqoucts  stcro*  •  m  tw  irowanoN  tccmnoloot  L40oiur<MY 


r 


n 


e 


Hola  No.  S-19 


DRUJNG  LOG 

»6TM±ATI0N 

S»tZT  1  1 

OF  12  sicrrs  1 

1  HKMCCT 

o.  SUE  FMJ  TrPE  OF  BT  7-3/4"  DIAMOND 

EVALUATION  Of  0SENHOWER  AND  SNELL  LOCKS 

a  DATUM  FOR  ELEVATION  SHOVM  (Tm  W  lOU 

MSL-USGLS 

2.  LOCATION  OrMto  «r  SMM 

275.00‘-7,B25' FROM  LOCK  CHAMBER 

t2.  IMNUF^TURCrS  DESIGNATION  OF  DRRl 

DIAMOND 

3.  onuJNc  tcoKi  COE  MOBILE  DISTRICT 

13.  TOTAL  NO.  OF  OVER-  jOSTURBEO  ^ 

BURDEN  Sia«>l£S  TAKEN  0 

UKMSTIABCD  ^  1 

4.  HOLE  NO.  ut  mm  m  mmm  wm  \ 

mi  nil  rnmtrt  i  S'"  i9 

M.  TOTAL  AMflER  CORE  80«5  30 

5.  MAIt  OF  DMin 

«.  ELEVATION  GROUND  WATER 

«.  OMCCTION  or  HOl£ 

wranra/  mm  wm  rwn  roru  vm 

•  date  HOU  !  21  MAY  90  '25  MAY  90 

17.  ELEVATION  TOP  OF  MOLE  251.5' 

7.  THOOCSS  OF  OVCRBUROCN  Q 

10L  TOTAL  CORE  RECOVERY  FOR  SORMC  128.7'  ^ 

a.  DCPTH  DRLLCD  MTO  ROCK  129.0*'110.7'-18.3' 

«.  SGNATURE  OF  ilSPECTOR  ^  GLYNN 

a.  TOTM.  DEPTH  OF  HOLE  129.0' 

elevation 

DEPTH 

LEGCIC 

CLASSnCATION  OF  NATERHLS 
ffNNraWwl 

X  CORE 
RECOV¬ 
ERY 

BOX  OR 
SAMPLE 
NO. 

REMMIKS 
tCtmm  04m,  wm 

r  NDnlTtaaVI 

• 

4 

• 

4 

« 

•f 

9 

— 

251.5' 

0.0'-2.5'-  GOOD  CONCRETE, 

DRILL  TIME  %  20  MIN. 

- 

• 

AVE.  SZE  AGG. 

2.5  cm  LONG. 

1  PC.  INTACT  2.5' 

I 

— 

AIR  ENTRP.  1  mm-5  mm  DIA. 

PRESS  275  PSI 

— 

- 

THRU  OUT. 

- 

“1 

•  •  • 

d 

100 

.. 

250.0' 

— 

»  ■  ■  I 

— 

z 

1.7'-2.5'  -  AGG. 

SIZE  AVE. 

_ 

2— 

WCREASES  TO 

3  IN. 

■ 

*  .  • 

- 

1 

- 

_ 

_ 

- 

2.5'-5.0'-  GOOD  CONCRETE. 

DRILL  TIME  20  MIN. 

- 

AIR  ENTRP.  3  mm-1  cm  LONG, 

PRESS  »  275  PSI  1  PC. 

““ 

3~ 

MORE  ABUNDANT  AT  4.5’-5.0'. 

2.5'  INTACT 

— 

- 

AVE.  AGG  3  IN. 

DIA 

“ 

»  •  ■ 

- 

— 

1“ 

100 

— 

V  '  • 

4H 

AVE.  AGG.  2  cm  DIA.  4.5'-5.0'- 

— 

- 

SOUNDS  DRUMMY 

-j 

«  '  1 

- 

I 

- 

- 

“ 

J 

f  1 

- 

5.0*-7.2'  -  GOOD  CONCRETE. 

0R&.L  TIME  ft  20  MIN. 

- 

- 

AF  ENTRP.  3  mm-2  cm  LONG 

1  PC.  2.2* 

I 

V  i 

AGG.  DIST  IS  LG.  100-150  cm 

1 

W/SM>^LER  1-2  cm  DIA. 

6^ 

w 

- 

Z 

m  '  n 

100 

I 

z 

245.0' 

V 

— 

I 

• 

* 

7— 

- 

“ 

- 

2 

■  m  '  • 

7.2’-4.7’  -  GOOD  CONCRETE. 

DRILL  TIME  «»  20  MIN. 

2 

— 

A«  ENTRP.  3  mm-1  cm  DIA., 

2 

1PC.  2.5' 

I- 

_ 

AGG.  GOOD  DIST.,  ENTRAIN.  AIR 

— 

4 

1  mm  DIA 

- 

I— 

““ 

- 

_ 

4 

«  1 

100 

- 

- 

1  9^ 

m 

“ 

■  m  '  • 

- 

Z 

— 

“ 

“ 

- 

t*  * 

- 

10  - 

SEE  SHEET  2 

2 

CMC  FORM  1836  mcvious  airriMs  mic  oeoLCTt. 

UJM  71 


p«accT 


HOCC  NO. 


L 


EISENHOWER  '90 


S-19 


J 


ftr  VtSW-t  PftOOWnS  WCTION  -  ITL  fer  tTOmiATON  TtCHWLOCt  L/BO«ATO«Y  •  WR 


r 


n 


DRILLING  LOG  (Cent  StMtt) 


[iUvimoMTOPorHou 
251.5  USGLS 


MOJCCT 

EISENHOWER  LOCK 


OXVATION 


235.0' 


230.0' 


225.0' 


11 H 


12-4 


13 — F 


16-4 


17-^ 


IS¬ 


IS— r 


20H 


MB 


MB 


MB 


22 


Hole  No.  S‘19 


■STALLATION 


OASSriCATION  or  MATENM-S 
IDmerlHim 


9.7'-14.4'  GOOD  CONCRETE. 
ENTRP.  AIR  2  mm-2  cm  OIA., 
ENTRAIN  AIR  »  1  mm 
THROUGHOUT.  ABUNDANT  LG. 
ENTRP.  AIR  AT  12.7'-14.0'.  AGG 
HAS  GOOD  DIST. 


MB  AT  BOULDER 

14.4'-I8.0'  GOOD  CONCRETE. 
ABUNDANT  AIR  ENTRP.  2  mm 
DIA.-3  cm  LONG.  AVE.  5  mm 
DIA. 


MB  AT  BOULDER 

18.0'-19.8'  GOOD  CONCRETE. 
SMALLER  AGG.  AVE.  3-4  cm 
LONG,  ENTRAIN  AIR  a;  1  mm 
DIA.,  ENTRP  AIR  LESS 
ABUNDANT  as  2  mm  DIA. 


19.8'-21.r  GOOD  CONCRETE. 
ABUNDANT  ENTRP.  AIR  1-5  mm 
DIA.,  AVE.  AGG.  2  cm  DIA. 

OCC.  LG.  AGG.  10  cm 


MB  AT  BOULDER 


■  21.r-26.BEXITE  SHEET  J) 


L 


ENC  FORM  1836* A  previous  editions  >ire  oesotrrE. 

kum  71 


X  CORE 
NECOV 
ERY 


100 


BOX  OR 
SAMPU 

NO. 


14.4 


18.9 


|»ccr  2 
lor  12  s»cETs 


OTfWrv 


RE>AARICS 

ritaHL^^Or 


3  PC.  4.70* 

3.60* 

1.80* 

DRILL  TIME 

DRILL  ACTION:  SMOOTH 


5  PC.  1.30’ 

5.70* 

1.40' 

0.80' 

BROKEN  0.60* 
0.20’ 


EISENHOWER  *90 


S-19 


J 


RMOSWM  SYS  «  bf  VISUAL  PtOOUCIS  SCCTION  *  iTw  for  •TOMMATlON  TCCHNOtOOT  LMOMATOflY 


cuvatioh 

TOP  Of  hole 

251.5 

USGLS 

Hole  No. 

$-19 

PROJCCT 

EISENHOWER  LOCK 


MStALLATlON 

9ceT 

4. 

Of  12 

S«ITS 

CLASSriCATION  OF  MATD«M.S 
fOmorttncri 


REMARKS 

astmrg  tarn,  tf 

wwMvtia  ^  W  t/anmernii 


MB  AT  BOULDER 
34.2’-37.4‘  GOOD  CONCRETE. 
ABUNDANT  ENTRAP.  AIR  2  mm- 
5  mm  AVE.  3  mm 


MB  AT  BOULDER 
37.4'-39.8'  GOOD  CONCRETE. 
ENTRP.  AIR  less  ABUNDANT- 
5  mm  DIA.  MAX. 

( 

MB  THROUGH  AGG. 

AGG.  GOOD  OIST 


MB  THROUGH  AGG. 

I 

MB  THROUGH  AGG. 
39.2'-39.8'  BEATEN  OUT  OF 
END  OF  CORE  BARREL 
39.8-43.0  GOOD  CONCRETE 
ENTRP.  AIR  2  mm-5  mm 
THRU  OUT.  AGG.  GOOD  DIST. 


40  MIN. 

DRILL  TIME 

39.8'-49.3' 

6  PC.  3.20' 
3.40' 
1.40' 
0.90' 
0.40' 
CHIPS 
0.20' 


MB  AT  BOULDER 
43.0'-46.4'  GOOD  CONCRETE. 
SAME  AS  ABOVE 


ENG 

FORM1836-A  ppevkk/s  coitkms  obsolcte. 

PROJECT 

HOL£  NO. 

MAP 

r\ 

EISENHOWER  '90 

1 

eUVATKM 

TOP  or  MOLL 

251.5 

USGLS 

Hole  No. 

S-19 

PROXCT 

EISENHOWER  LOCK 


acET  5 
or  12  svcETs 


KOiMWS 

Mm  mMT  4Ml  ^ 
aMrjoait) 


BREAK  AT  BOULDER  W/AiR 
ENTRAIN  BUBBLES  BROKE 

46.4’-49.4’  GOOD  CONCRETE. 
(SAME  AS  ABOVE} 


BREAK  AT  BOULDER 


BREAK  AT  BOULDER 

I 

BREAK  AT  BOULDER 
49.V-49.2'  BROKEN 
49.4'-54.4'  GOOD  CONCRETE. 
ABUNDANT  AIR  ENTRP.  (2  mm- 
1.5  cm  DIA.)  AVE.  4  mm  AIR 
/eUNOANT  AT  49.4'-50.0' 


49.4'-54.4' 

2  PC.  3.00‘ 
2.00' 


I 

54.4*-62.9’  GOOD  CONCRETE. 
ENTRP.  ^R  3  mm-l  cm  DIA. 
AT  54.4*-60.r,  MORE 
^UNDANT  AT  60.r-62.9* 
GOOD  CONSOLDATION  THRU 
OUT. 


54,4’-62.9’ 
3  PC.  2.90' 
2.80* 
2.80* 


ENG  rORM1836-A  rncvious  amoie  Mft  qbsoxtc. 


EISENHOWER  *90 


yf  vsu#L  moojcrs  stcrnu  *  rrv  for  NFomiATRx  teomxoot  l>»ohatw^ 


DRILLING  LOG  (Cont  Sh««t} 


PROJECT 

EISENHOWER  LOCK 


EUVATXJN  top  of  M0L£ 

251.5  USGLS 

Hole  No.  S-19 

CLASSriCATIOM  OT  yATDM.S 
fOmortl0anf 


(SEE  SHEET  6) 


:  ^  71.r-78,8’  GOOD  CONCRETE 

GOOD  CONSOLIDATION,  AIR 
^  ENTRP.  2  mm-7  mm  OIA. 

;  OCC.  LG.  ♦  WREG.  2  cm 

V  long. 


72.9'-79.9' 

5  PC.  3.10' 
3.40' 
1.40' 
0.60' 
0.30'  ^ 


78.8-79.9  GOOD  CONCRETE. 
A  LITTLE  SOFTER,  MORE 
POROUS  HOLDS  WATER 
LONGER.  CEMENT  COLOR  IS 
BROWNISH  GRAY  W/SMALLER 
AGG..  ENTRP.  AIR  2  mm-1  cm 
DIA. 


79.0'- 79.9*  BEATEN  OUT 
OF  CORE  BARREL 


79.9’-82.0'  GOOD  CONCRETE. 
SAME  AS  79.0  -79.9’.  BROWN- 
GRAY  HIGHER  CONTENT  OF 
SMALL  AGG.  1mm-2.5  mm  IN 
CEMENT  LOOKS  WEAKER. 
POROUS  POOR  CONSOLIDATION 


ENG  FORM  1836* A  pflrvtous  coiTKVfi  are  ossoLTrE 


EISENHOWER  '90 


I  i  ^  A*  EtfVATWN  TOP  Of  MOU 

DRILLING  LOG  (Cofit  Shsst)  251*5  USGLS 


PROJECT 

OSENHOWER  LOCK 


CLASSnCATION  Of  MATOULS 
a)mort0M 


Hole  No.  S-19 


tailM/u  Mmwahr  tm. <f 

ite,  r  ttanmomti 


82.0*  GOOD  CONCRETE. 

DARK  GRAY  SEEMS  HARDER 
GOOD  CONSOLIDATION, 

ENTRP.  Atf?  2  mm-5  mm  DIA. 

I 

MB  AT  BOULDERS 


MB  AT  BOULDERS 


7  OR  LIFT  LINE,  COATED 
W/WHITE  MATL. 

85.9‘-88.6'  GOOD  CEMENT, 
COLOR  LITTLE  BIT  LIGHTER 
THAN  ^OVE  ♦  MORE  POROUS 
ENTRP.  AIR  2  mm-5  mm  DIA 
CEMENT  MATRIX  HAS  A  HIGH 
CONTENT  OF  V.  SMALL  PC. 

OF  AGG. 


88.3'-98.r  GOOD  CONCRETE. 
SAME  AS  >eOVE,  SOUNDS 
DRUMMY,  ENTRP.  AIR  V.  SMALL 
1  mm-4  mm  AVE.  2  mm. 

SOME  IRREGULAR  BUBS. 


ENG  F0RM1836-A  ncvnus  cotions  me  oesoLETC. 


EISENHOWER  '90 


mojccT 

EISENHOWER  LOCK 


elivahon  top  Of  hole 

251.5  USGLS 

Hole  No. 

S-t9 

9CCT  g 
OF  12  StCTTS 


SEE  SHEET  8 


98.3'-101.6'  GOOD  CONCRETE. 
LT.  GRAY  CEMENT.  SAME  AS 
ABOVE.  V.  HOLEY  (ALMOST 
HONEYCOMB  PATTERN).  ENTRP. 
AIR  1  mm-l  cm  DIA.  ABUNDANT 
SMALL  BUB  1-3  mm. 


101.6‘-108.2'  G(X)D  CONCRETE. 
SAME  AS  ABOVE.  EXCEPT  MORE 
ENTRP.  AH  AT  101.6’-103.B'. 


CNG  rORM1636*A  ^icvious  coitkms  m.  aesoxTC. 

IMA  71 


EISENHOWER  *90 


DROXMG  LOG  (Cont  Shaft) 

ELEVATION  TOP  Of  MOLE 

251.5  USGLS 

Hole  No. 

S-19 

FROJCCT 

EISENHOWER  LOCK 

MSTALLATION 

9CCT  10 
or  12  s>cETs 

CU^ICATIOM  or  HATOULS 


REkURKS 


VOO  AT  106.8'  W/8  cm  OIA. 


108.2*“110.7*  GOOD  CONCRETE. 
LT.  CRAY  CEMENT  AS  ABOVE. 
W/CONSIDERABLY  LESS  ENTRP. 
AIR  2  mm-l  cm  DIA. 


108,2‘-115.2' 
6  PC.  2.50' 
0.90' 
0.80' 
1.40' 
0.20' 
1,20' 


CONCRETE/ROCK  CONTACT 
V.  SMOOTH  BREAK/ JT?  NO 
BONO. 


111.6'  CWPS  j 

110.7'-115.2’  BLACK  GRAY 
(WET)  DOLOMITE  WTER8ED 
W/LT.  GRAY  WEAK  CLAY  AT 
113.8'.  IU.0'^115'0'  1-3  mm 
THICK. 


i^\ 


DOLOMITE  V.  HARD.  V.  DENSE 
UNIFORM.  IN  STRUCTURE. 


-MB  I 

115.2'-117.0' 

SAME  AS  ABOVE 


115.2'-120.0' 
5  PC. 


125.0' 


DRILLING  LOG  (Cent  Shaft) 


PROXCT 

EISENHOWER  LOCK 


ELEVATION  TOP  Of  HOLE 

251.5  USGLS 

Hole  No. 

S-19 

OASSrCATION  or  MATDiALS 


M 


117.0'-120.0'  COLOR  CHANGE 
TO  MOTTLED  DK,  AND  LT. 
DOLOMITE  W/NUMEROUS  LT. 
CRAY  CLAY  THIN  LAMNAE 
1mm  THICK. 


LC.  CALOTE  BLEB. 
120.0‘-125.05'  DOLOMITE, 
BLACK  (WET)  CALCITE  BLEBS 
THRU  OUT.  INTERBED  W/WEAK 
BLACK  SHALE  4-8  cm  THICK. 
DOLO.  V.  HARO  V.  DENSE. 
STYOLITES  COMMON. 


120.0‘-129,0‘ 

12  PC.  1.60' 
0.30' 


0.90' 

0.10* 

0.10' 

0.10'  MSSV^G 
1.60' 

0.30* 

0.50' 

0.60' 

0.90' 


MB  I 

123.0'-123.r  MtSSNG. 


125.05'-129.0‘  DOLOMITE 
V.  HARD  V.  DENSE,  BLACK 
WHEN  WET.  LITTLE  TO  NO 
SH>^E. 


ENG  rORM1836-A  mcwmjs  cations  m.  ossqlttc. 


EISENHOWER  '90 


SYS  2  «rapMc«  ^9  V15U#i  PftOOUCIS  StCTlOM  -  ITl 


Hola  No.  SS*18 


ORILUNG  LOG 

1.  PROJECT 

EV>H-UATtON  OF  EISENHOWER  AND  SNELL  LOCKS 

2.  LOCAJKm  tr  SH0lenf 

MONOLITH:  SS-18  LOCK  STATION  226.00 

3.  ORN.UNC  JICCNCY 

MOBILE  DISTRICT  _ 

4.  HOLE  NO.  ttmn  m  wm  _ 

rmnmtar) _ ;  SS*1B _ 

5.  N4iiC  Of  DAtlCR 

CARL  MOON _ 

6.  OMECTKW  Of  HOLE 


_ EISENHOWER  LOCK 

10.  SEE  /W  TYPE  Of  BT  7^4^ 

n.  DATUM  f OR  ELEVATION  SHOWN  (TBH  tf  « 

MSL  •  USCL  251.5* _ 

12.  IMNUFACTURER^  DCS1CHAT10N  Of  DRuT 

FAILING  1500  _ 

13.  TOTAL  NO.  Of  OVER*  fOtSTURBEO 

PURDCW  SMPTSS  TAKEN  ;  ( 

U.  TOTM.  lOfiCR  CORE  BOXES  9 
15.  aCVATION  OROtMO  WATER 


ffi  VERTKN.  □  RCLMED _ 

7.  TWOOCSS^  OVERBUROEW 

8.  DEPTH  DRLLED  MTO  ROCK 
B.  TOTAL  DEPTH  Of  HOLE 


».  DATE  HOLE 


.  DEC.  FROM  VERT. 


•STARTED 

;  9  JUNE  90 


'COa>tX7ED 

!  11  JUNE  90 


CLASSrCATlON  OF  MATEJIM.S 


17.  ELEVATION  TOP  Of  HOLE  251.5 

18.  TOTAL  CORE  RECOVERY  FOR  BORMC 


V.  9GNATURE  OF  MSPECTOR 

M.ELEEN  GLYN 

.  X  CORE  BOX  OR 

>  RECOV*  SARPLE 

ERY  HO. 


REMNtKS 

(tfW/V  fliW  wPr  Nm.  ^ 
Pk  if  aarvfim 


0.0*  “  0.7*  GOOD  CONCRETE 


0.7*  -  S.O*  GOOD  CONCRETE 
LITTLE  TO  NO  ENTRP.  AIR 
/  GOOD  CONSOLIDATION 


0.0’-  0.7' 

1  PC.  0.5’ 


3.0’  -  5.3’  GOOD  CONCRETE. 
HARO.  GOOD  CONSOLOATtON. 
ENTRP.  AIR  1  mm  -  3mm 
OCC.  7  mm  OIA. 


3.0’-  5.3' 

1  PC.  2.3’ 


BROKE  ACROSS  AGG. 

5.3’  -  7.9’  GOOD  CONCRETE. 
H>^D,  GOOD  CONSOLIDATION 
ENTRP,  AIR  1  mm  -  2  mm 
DIA. 


5.3'-  7.9’ 

1  PC.  2.6’ 


7.9'  -  9.7’  GOOD  CONCRETE. 
(  SAME  AS  ^OVE  ) 


ENG  FORM  1836  PREVIOUS  csttons  are  obsolete. 

MAR  71 


PROJECT  hole  mo 

EISENHOWER  R  *90  SS-18 


SyS  2  by  vrSOM.  PWOOUCTS  SCCTCN  •  ITL  for  iTOWIATlON  ITCHNOLOOt  L)«(MAT0MT 


•^aMAiiOM  TCc>««otocv  y.mouMmy 


Hoi«  HO.  SN-N56 


DWLLWC  LOG  _ _ 

1.  PWOJtCT 

CVOLUATIOH  or  EISENHOWER  AND  SNau  LOCKS 

2.  LOCAtKM  tt 

monolith:  SN-N56  LOCK  STATION  462.00_ 

3.  On,\J<Q  AKNCt  _ 

MOBILE  DISTRICT _ _ 

4.  MOtE  MO.  iMm  m 

>  SN-N56 _ 

y  NMC  or  ORLLCR 

CM^l  MOON _ _ 

•.  oMtCTioN  or  HOie 

QQ  vcnnciiL  CD  -  -  occ.  rnoM  vcrt. 

7.  THCKMCSS  OT  QVtWBUWXW  Q _ _ 

y  DEPTH  OWLLED  iTTO  WOCK  Q _ _ 

f.  TOTAL  depth  or  MOLE  73.9' 


_ SNELL  LOCK 

10,  ME  mo  type  or  bt _ _ 

n.  datum  roff  cuvatiom  shown  trm  w  itsu 
MSL  -  USLS  205' _ _ 

t2.  MAMT^TUMCirS  DCSCNATION  OT  DMlL 

FNLINC  1500  _ 

■  U  TOTAL  NO.  or  OVER-  an 

BURDEN  SAMSES  TAtfN  .  19  JUN  90  ; 


U.  TOTi^.  MUiaEN  CORE  BOXES 
O.  CLEVATON  CROUM)  WATER 


hf.  DATE  hole 


•STARTED 

i  19  JUNE  90 


•completed 
:  21JUNC  90 


aASsrtCATiON  or  materuls 


n.  EltVAT<3N  TOP  Of  MOLE  205' 
ia.  total  core  recovery  tor  borhc 
19.  SICNATIAE  or  nspector 
MXILEEN  CLYW4 

r  X  CORE  I  BOX  OR  I 

S  RECOV-  SAA«>LE  tOUKf 

CKY  NO.  >«W 


REMARKS 


0.0’  -  2.6’  GOOD  CONCRETE. 
ENTRP.  AIR  ABUNDANT 
1  mm  -  2  mm  OIA.  OCC. 

5  Trim  -  1  cm  OIA.  IRREC. 
PITTED  TEXTURE  THRU  OUT. 


PULL  1 
0.0’-  2.6’ 
IPC.  2.6' 


BREAK  AT  BOULDER 
2.6’  -  4.7'  GOOD  CONCRETE. 
ENTRP.  AIR  1  mm  -  3  mm 
ABUNDANT.  OCC.  5  mm  - 
2  cm  IRREC.  LONG  BUBS. 


PULL  2 
2.6’-  5.0' 

2  PC.  1.' 


4.7'  ’  9.6’  GOOD  CONCRETE. 
ABUNDANT. 

ENTRP.  AIR  1  mm  -  2  mm 
OCC.  4  mm  DIA, 

HARO,  SOLID. 


PULL  3 
5.0'-  7.r 
1  PC.  2.4' 


REC.  2.4' 
LOSS  0.0' 
CNN  0.0' 


h— — H  PLANAR  BREAK. 


PULL  4 
7.T-  9.6' 

2  PC.  1.5* 

_ 0^ 

REC.  2.4' 

LOSS  o.r 

CNN  0.0' 


—  BREAK  AT  LG.  BOULDER 


ENG  FORM  1836  previous  coitions  are  obsolete 


IPNOJCCT 

EISENHOWER  '90 


voMi  pmmjCTs  siciiqn  ■  m,  tfmttAitoH  7ec»««oioct  umtmAimr 


bf  VISU^  PRODUCTS  SCCTION  •  ITL  for  PTOWMATlOW  TtCMNOLOCY  L>®0»fAT0(»Y 


Hols  No.  SN'S15 


DRILUNG  LOG 

1.  PROJECT 

EV^UATK)N  or  DSENHOWER  fW  SNELL  LOCKS 

2.  LOCATOW  (OoBr^ln^m  y  SWIW 

MONOLITH:  SN«S15  LCX:K  STATION  319.00 

3.  ORLUNC  AGENCY 

MOBILE  DISTRICT 

4.  HOLE  NO.  <M  tfmm  tn  Wmlr9 

rn^mnm^i _ {  SN-S15 _ 

5.  NAME  OF  ORLLCR 

CARL  MOON _ _ 

e.  OMECTION  or  HOLE 

QD  VERTICAL  O  WCLiCD  -  —  -  DEC.  FROM  VERT. 

7.  THQOCSS  OF  OVERBtJROEN  Q 
B.  DEPTH  DRU.ED  NTO  RQCT  7  2 
9.  TOTAL  DEPTH  OF  HOLE  lOfi  9‘ 


_ SNELL  LOCK _ 

ID.  SIZE  MO  TYPE  OF  BIT _ 

a  DATUM  FOR  ELEVATION  SHOWN  aBH  •'  NSLI 

MSL  -  USLS  205* _ 

t2.  MANUFACTURErS  OESICNATKM  OF  ORAL 

FAILING  1500  _ 

413.  TOTAL  NO.  OF  OVER'  !06TORBE0 
I  BUROOl  SAAPlJES  TAIgN  > _ Q 

14.  TOTAL  NUMBER  CORE  BOXES  24 _ 

15.  ELEVATION  GROUND  WATER 


.  DEC.  FROM  VERT. 


».  DATE  HOLE 

17.  ELEVATION  TOP  OF  HOLE 


STARTED 

13  JUNE  90 


;COIR»LrrED 

;  18  JUNE  90 


17.  ELEVATION  TOP  OF  HOL£  205 
IB.  TOTAL  CORE  RECOVERY  FOR  BORPIC 
IB.  SUMATURE  OF  BISPECTOR 


aASSnCATION  OF  UATERM.^ 
Wmerlt/knl 


0.0*  -  2.5'  GOOD  CONCRETE. 
GOOD  CONSOLIDATION 
ENTRP.  AIR  1  mm  -  2  mm 
OIA.  OCC.  1cm  OIA. 


2.5*  -  5.0'  GOOD  CONCRETE. 
GOOD  CONSOLIDATION 
ENTRP.  AIR  1  mm  -  3  mm 
DIA. 


I  -  LIFT  7 

5.0'  -  6.4'  GOOD  CONCRETE. 


6.4'  -  7.5'  RUBBLE 
BROKE  OUT  PC.  OF  REBAR. 


7.5'  -  9.9'  GOOD  CONCRETE, 
ABUNDANT.  AIR  ENTRP. 

1  mm  -  3  mm  DIA.  GOOD 
CONSOLIDATION,  HARO. 


Eng  FORM1B36  previous  cottons  me  obsolete. 


PROJECT 

EISENHOWER  *90 


REMARKS 

fOW/v  nm,  wBir  Ibk  ^ 

MaPMr/ADi  Ml  JF 

0 

PULL 

1 

0.0  - 

2.5' 

REG. 

2.5' 

LOSS 

0 

1  PC. 

2.5' 

13  JUNE  1030  HRS 

PULL 

1  E 

14  JUNE  90  1600  mS  t 

2  PC. 

2.0' 

0.5'  : 

- 

REC. 

2.5'  : 

LOSS 

0.0  “ 

5.0'- 

7.5'  = 

PULL 

3  : 

2  PC. 

1.4- 

i.r 

1.1  LENGTH  OF  REBAR.  I 

THREW  1.1  AWAY.  I 

PULL 

4 

7.5’- 

9.9*  - 

SN-S15 


ITS  aCTON  .  iTt  («»  vrOmiATiON  TeCMmOCT  L/l0ORATmY 


r 


n 


ORALMC  LOG  (Cant  SMat) 


CllVATlQN  TOP  or  HOtC 


PPOCCT 

EV/lUATION  or  CISENHOWER  M€  SCLL  LOCKS 


205 


47-H 


40—1 


52—1 


53 


54^ 


55  H 


56  H 


57 -i 


58  H 


Holt  No,SN-S15 


SNELL  LOCK 


aASsrtCATioN  or  matcioals 


LC.  VOIOS  AT  47.5‘  • 

2  cm  DIA. 

BREAK  AT  BOULDER 
47.6’ -  49.6* 

GOOD  CONCRETE,  MINOR 
OEGRAOATiON  AROUI^  ACG. 
ENTRP.  AIR  1  mm  -  3  rwn 
CHA. 


MB 


49.6’  •  51.r 
POOR  CONCRETE, 

LC.  VOIDS  UPTO  10  cm 
LONG.  CORE  NOT  INTACT 
50.4*  -  50.7* 


51.r  -  55.6’ 

GOOD  CONCRETE. 
RELATIVELY  SMOOTH 
texture.  ENTRP.  AIR. 
1  mm  -  3  mm  Dl/L 


MB 


55.0*  -  55.6* 

WREG  ENTRP.  NR 
AROUND  ACC. 

55.6’  -  57.8* 

GOOD  CONCRETE. 

MINOR  DEGRADATION  AROUND 
ACC.  ENTRP.  AIR 
1  rrwn  -  3  mm  DIA. 


X  cote 
«cov 
CRY 


BOX  OR 
SAAFlC 

MO. 


50.4 


51.1 


LG.  VOIOS  AT  57.B* 


ENC  FORM  1836* A  mvious  coitxjns  arc  ossacrc 


12 


»€CT  5 

or  9  smccts 


RCtiMBCr 


48.3*  -  56.6* 
PULL  9 


REC.  8.0* 

CAIN  0.7’ 

LOSS  1.0* 


2  PC. 


2.9* 

5.1* 


PROBABLY  ONLY 
RECOVERED  7.5  ? 


55.2 


13 


56.6’ -  64.6* 
2  PC.  2.2* 
5.2* 

REC.  7.4’ 
CNN 
LOSS 
PULL  10 


L 


PROJCCT 

EISENHOWER  *90 


Mae  NO. 


SN-S15 


J 


*f  V«Uit  M«OOUCTS  SCCTQN  .  .u  »»  vroMMAllON  TCCHNOLOCT  L/WMAtWY 


APPENDIX  C:  DESCRITPnONS  OF  SOILSTRUCT 


SOIL-STRUCT:  Finite  Element  Computer  Program 
for  Soil-Structure  Interaction  Analysis 


SOILSTRUCT,  is  a  general  purpose  finite  element  program  for  two-dimensional, 
plane  strain  analysis  of  soil-structure  interaction  and  soil-inclusion  interaction 
problems.  It  calculates  displacements  and  stresses  due  to  incremental  construction 
and/or  load  application  and  is  capable  of  modeling  nonlinear  stress-strain  material 
behavior.  The  simulation  of  incremental  construction  may  include  embankment 
construction  or  backfilling,  the  placement  of  layer(s)  of  a  reinforcement  material  during 
backfilling  or  embankment  construction,  dewatering,  excavation,  installation  of  a  strut 
or  tie-back  anchor  excavation  support  system,  removal  of  the  same  system  and  the 
placement  of  concrete  or  other  construction  materials.  The  incremental  loading 
simulation  may  consist  of  the  application  of  concentrated  loads,  boundary  pressures 
or  loads  due  to  temperature  changes  in  non-soil  materials. 

The  initial  version  of  SOILSTRUCT  was  developed  by  Professors  G.  W.  Clough 
and  J.  M.  Duncan  for  use  in  the  analysis  of  Port  Allen  and  Old  River  U-frame  locks, 
Clough  and  Duncan  (1969).  This  version  of  the  program  reflects  modifications  made 
in  conjunction  with  a  number  of  projects  at  WES  to  expand  the  capabilities  of  the 
finite  elements  constitutive  models,  load  vector  formulation  algorithms,  the  size  of 
problem  which  may  be  analyzed,  and  the  transfer  of  input,  output,  restart  and  plot 
data  files  by  means  of  disc  storage. 


FINITE  ELEMENTS  EMPLOYED 

Three  types  of  finite  elements  are  used  to  represent  the  behavior  of  different 
materials,  (1)  a  two-dimensional  continum  element,  (2)  an  interface  element,  and  (3) 
a  one-dimensional  bar  element. 

A  two-dimensional,  subparametric,  quadrilateral  element  (QMS)  is  used  to 
represent  the  soil  and  most  structural  materials.  Structural  supports,  such  as  the 
struts  or  tieback  components  of  an  excavation  support  system,  are  typically  modeled 
as  a  spring  support  using  bar  elements.  However,  two-dimensional  elements  have 
been  used  to  model  these  supports.  The  geometry  of  this  element,  developed  by 
Doherty,  Wilson,  and  Taylor  (1969),  is  defined  by  four  external  nodes,  while  the 
displacement  functions  include  an  internal  fifth  node.  To  improve  flexural  response, 
a  constant  shear  strain,  calculated  at  the  location  of  the  internal  fifth  node,  is  imposed 
throughout  the  element.  The  QMS  element  can  be  allowed  to  degrade  to  a  triangular 
element  by  letting  two  adjacent  nodes  of  the  quadrilateral  coincide. 
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The  Goodman,  Taylor,  and  Breeke  (1969)  interface  element  is  used  to  allow  for 
relative  movement  between  different  materials,  such  as  between  a  soil  backfill  and  a 
support  wall.  This  element  is  defined  by  four  nodes,  with  each  of  the  two  pairs  of 
nodes  having  the  same  coordinates;  thus,  this  type  of  element  has  no  thickness. 

One-dimensional,  two  node  bar  or  spring  elements  are  used  to  model  the 
behavior  of  a  variety  of  structural  systems.  This  includes  the  modeling  of  structural 
supports  such  as  braces  or  tiebacks  or  the  modeling  of  reinforcement  placed  within 
a  soil  backfill. 


MATERIAL  STRESS-STRAIN  BEHAVIOR 

Several  modes  of  stress-strain  behavior  are  utilized  to  represent  the  response 
of  soil,  construction  materials  and  the  interface  region  between  different  materials. 

The  constitutive  relationship  used  for  all  two-dimensional  elements  is  Hooke's 
law.  SOILSTRUCT  uses  an  incremental,  equivalent  linear  method  of  analysis  to  model 
nonlinear  material  behavior.  In  this  type  of  analysis,  the  incremental  changes  in 
stresses  are  related  to  the  incremental  strains  through  a  linear  relationship.  This 
relationship  is  defined  for  each  structural  element  by  two  engineering  constants,  the 
Youngs  moduli  and  the  Poisson's  ratio.  For  the  soil  elements  either  the  Youngs 
moduli  and  Poisson's  ratio,  or  the  Youngs  moduli  and  bulk  moduli  may  be  specified. 


Non-Linear  Stress-Strain  Response  of  Soil 

A  plane  strain,  isotropic  drained  or  undrained  stress-strain  soil  model  is 
incorporated  within  SOILSTRUCT.  The  program  uses  a  nonlinear,  stress-dependent 
hyperbolic  curve  to  represent  the  relationship  between  stress  and  strains  developing 
during  primary  loading  of  the  soil  (Figure  la)  and  a  linear  stress-strain  response  during 
unloading  or  reloading  of  the  soil  (Figure  1  b).  The  unload-reload  stress-strain  response 
is  applicable  when  the  current  stress  state  is  less  than  that  which  has  been  applied 
previously;  otherwise,  the  primary  loading  stress-strain  is  appropriate.  Laboratory 
testing  and  interpretation  procedures  for  determining  the  parameters  used  to  define 
the  soil  model  are  described  in  Duncan,  Byrne,  Wong,  and  Mabry  (1978).  A  brief 
review  of  the  hyperbolic  model  is  given  below. 

The  nonlinear  soil  response  to  loading  is  modeled  by  performing  a  series  of 
analyses  in  which  each  load  is  applied  incrementally,  with  the  total  change  in  stress 
computed  at  the  center  of  each  soil  element  being  equal  to  the  sum  of  the  incremental 
changes  in  stress  over  all  the  load  steps.  In  general,  the  greater  the  curvature  of  the 
stress-strain  relationship  or  the  larger  the  magnitude  of  the  applied  load,  the  greater 
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the  number  of  load  steps  required  to  accurately  model  the  nonlinear  soil  response. 
This  may  be  achieved  in  two  ways  using  SOILSTRUCT;  either  the  total  load  is  applied 
using  a  greater  number  of  incremental  loadings,  or  during  the  course  of  each  load  case 
analysis  the  load  vector  may  be  applied  in  series  of  increments  using  the  substep 
option. 

Application  of  each  loading  in  the  finite  element  analysis  results  in  a  change  in 
stress  within  each  of  the  soil  elements.  In  addition  to  the  change  in  stress,  there  is 
a  corresponding  change  in  stiffness.  Since  each  incremental  analysis  is  performed 
assuming  equivalent  linear  element  response,  SOILSTRUCT  updates  the  value  of  the 
elastic  moduli  assigned  to  each  soil  element  so  as  to  reflect  the  magnitude  of  the 
current  stress  state  within  the  element.  To  account  for  the  change  in  stiffness  that 
occurs  during  the  application  of  a  load  increment,  each  incremental  load  calculation 
may  be  repeated  using  the  iteration  option.  When  the  iteration  option  is  invoked,  the 
load  vector  is  reapplied  with  a  revised  value  for  the  element  stiffness.  The  value 
assigned  for  the  stiffness  of  the  soil  element  reflects  the  average  of  the  stress  state 
developed  at  the  end  of  the  previous  load  case,  or  substep,  and  that  which  develops 
during  the  current  iteration.  However,  when  only  one  iteration  is  specified,  the 
modulus  values  are  calculated  using  the  stresses  developed  at  the  end  of  the  previous 
the  load  increment.  Upon  completion  of  the  last  iteration  for  each  load  case  or 
substep,  the  arrays  tabulating  the  values  of  the  total  nodal  point  displacements  and 
total  element  stresses  are  updated  with  the  computed  incremental  values. 


Primary  Loading  -  Youngs  Moduli 

Prior  to  each  analysis  a  tangent  Youngs  moduli,  E*,  is  assigned  to  each  soil 
element.  The  stress-dependent  value  of  E,  is  computed  using  the  relationship 


where 


Ej  =  the  initial  Youngs  moduli 
R,  =  the  failure  ratio 
SL  =  the  stress  level 

The  initial  Youngs  moduli,  Ej,  is  equal  to 
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E,  =  n-Sff 


K  =  the  modulus  number 
n  =  the  modulus  exponent 
P,  =  Atmospheric  Pressure 
O3  =  minor  principal  stress 

The  proportion  of  mobilized  shear  strength  for  each  soil  element  is  reflected  in 
the  value  of  the  stress  level,  SL.  SL  is  equal  to  the  current  deviator  stress,  (Oj-03), 
divided  by  the  deviator  stress  at  failure,(o,-03)^,  denoted  by  the  subscript  f. 


where  (o,  -  Oj)^ 

Oj  =  major  principal  stress 

The  value  of  SL  ranges  from  a  value  equal  to  zero,  to  a  value  equal  to  unity.  SL  equal 
to  zero  indicates  an  isotropic  stress  state,  while  SL  equal  to  unity  corresponds  to  the 
complete  mobilization  of  shear  resistance  within  the  soil  element. 

The  version  of  SOILSTRUCT  used  in  this  study  allows  for  two  procedures  for 
defining  the  deviator  stress  at  failure;  the  original  Duncan  formulation,  Duncan  and 
Chang  (1970),  and  a  procedure  developed  by  Peters(1988).  In  the  original  Duncan 
formulation  as  shown  in  Figure  2a,  the  values  of  the  minor  principal  stress  at  failure 
is  set  equal  to  the  current  minor  principal  stress.  The  deviator  stress  at  failure  is  given 
by 


(O1-O3) 


2c  cos<)>  +  2a3sin4> 
1  -sin<t> 


where 

c  =  cohesion  intercept 
<t>  =  angle  of  internal  friction 
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In  the  Peters  formulation  shown  in  Figure  2b,  the  value  for  the  deviator  stress  at 
failure  is  defined  based  upon  the  assumption  that  the  average  value  of  the  major  and 
minor  principal  stresses  at  failure  is  equal  to  the  average  value  of  the  current  major 
and  minor  principal  stresses. 


(Oj-Oj)  =  2c  cos<|)  +  (0j  +  03)sin<|) 


The  difference  between  these  two  procedures  may  be  expressed  in  terms  of  the 
resulting  vector  curves  as  shown  in  Figure  2.  Vector  curves  are  loci  of  points 
describing  the  state  of  stress  on  planes  on  which  failure  eventually  occurs.  The 
resulting  vector  curves  in  the  Duncan  formulation  are  to  the  right;  reflecting  the 
assumption  that  failure  is  a  result  of  an  increase  in  major  principal  stress.  In  contrast, 
the  vector  curves  to  the  left  in  the  Peters  formulation  are  attributed  to  a  coincident 
increase  in  major  principal  stress  and  decrease  in  the  minor  principal  stress.  In 
general,  the  Duncan  formulation  results  in  larger  values  of  and  therefore 

smaller  values  of  SL  than  the  Peters  formulation.  The  Peters  formulation  was 

developed  for  undrained  loading  where  Oj  +  03  is  the  constant  consolidation  stress 
determined  for  the  initial  stress  state. 

The  failure  ratio,  R„  relates  the  ultimate  deviator  stress,  to  the 

deviator  stress  at  failure 

(01-03)^=  Ryio,-o;)^ 


The  ultimate  deviator  stress  is  the  asymptote  to  the  stress-strain  hyperbola,  as  shown 
in  Figure  la.  The  value  of  R,  is  always  less  than  unity  and  varies  from  0.5  to  0.9  for 
most  soils. 


Unload-Reload  Stress-Strain  Behavior 

During  unloading  or  reloading  when  the  current  deviator  stress  is  less  than  that 
which  has  been  applied  during  previous  loadings,  a  stress  dependent,  linear  response 
is  assumed,  as  shown  in  Figure  1b.  In  this  case,  the  value  of  is  computed  using 
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n 


where 

=  the  unload-reload  modulus  number 
Poisson's  Ratio 

The  second  elastic  parameter  used  to  define  the  material  behavior  of  soil  is 
either  the  Poisson's  ratio,  v,  or  the  bulk  moduli,  B.  This  version  of  SOILSTRUCT 
allows  either  parameter  to  be  used.  When  using  Poisson's  ratio  two  values  are 
specified;  a  constant  value  which  is  applicable  for  all  states  of  stress  prior  to  failure, 
SL  <  1 ,  and  the  value  of  Poisson's  ratio  applicable  when  the  shear  strength  of  the  soil 
is  fully  mobilized,  SL  =  1 . 

The  hyperbolic  model  is  designed  so  that  as  the  soil  approaches  failure  the 
0.5.  The  variation  in  v  is  accomplished  by  computing  the  shear  modulus  with  E,  and 
V.  and  bulk  modulus  with  Ej  and  v.  .  This  variation  in  v  amounts  to 


1-b 

1  +  -Z> 
2 


) 


where 


E,  l-2v. 
b  =  - *-) 


£,  '  l.v, 


Therefore,  v  =  when  E,  =  Ej  but  increases  toward  0.5  as  E,  becomes  small,  near 
failure. 


Interface  Response 

Interface  elements  are  used  to  allow  for  relative  movement  between  different 
material  regions,  such  as  between  a  soil  backfill  and  a  support  wall.  These  elements 
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are  defined  by  four  nodes,  each  node  having  two  degrees  of  freedom  and  each  of  the 
two  pairs  of  nodes  share  the  same  coordinates.  The  interface  element,  therefore,  is 
of  finite  length  but  zero  thickness. 

The  properties  of  interface  elements  are  defined  by  an  interface  normal 
stiffness,  k^,  and  an  interface  shear  stiffness,  k,.  These  values  of  stiffness  relate  the 
average  relative  displacements  normal  to  the  interface  element,  A^,  and  average 
relative  shear  displacements,  A^,  to  the  corresponding  normal  stress,  o^,  and  shear 
stress,  T ,  by  the  equations 


a 


n 


M 


and 


=  ^,A 


S 


The  units  of  k^  and  k,  are  force  per  cubic  length. 

The  value  of  k^  is  set  equal  to  1  X  10®  within  the  program.  This  value  for  k„ 
ensures  that  the  normal  relative  displacement  of  the  interface  element  is  insignificant 
when  English  units  (ft,  lbs)  or  SI  units  (m,  KN)  are  used.  If  other  units  are  used,  the 
value  of  the  normal  stiffness  may  need  to  be  changed  to  a  higher  value. 

Two  types  of  interface  shear  response  are  modeled,  a  bilinear  shear  stress- 
displacement  relationship  shown  in  Figure  3a,  and  a  hyperbolic  shear  stress- 
displacement  relationship  shown  in  Figure  3b.  In  the  bilinear  model,  the  value 
assigned  to  k,  is  a  constant  so  long  as  the  average  shear  stress,  t  ,  along  the  interface 
is  less  than  the  shear  strength.  If  the  shear  strength  of  the  interface  element  is  fully 
mobilized,  which  occurs  when  t  is  equal  to  x^,  then  k,  is  set  equal  to  zero.  When  the 
normal  stress,  o^,  is  greater  than  or  equal  to  zero,  the  value  of  x^  is  given  by  the 
relationship 


X,  =  c^+o„tan6 
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where 

Cj  =  cohesion  intercept 

6  =  angle  of  internal  friction  along  the  interface 
and  is  shown  in  Figure  3a.  When  is  less  than  zero,  is  computed  using 


where 

o,  =  tensile  strength 

Direct  shear  test  results  on  soil-to-concrete  interfaces  and  soil-to-steel 
interfaces  by  Potyondy  (1961),  Clough  and  Duncan  (1969)  and  Peterson,  Kulhawy, 
Nucci,  and  Wasil  (1976)  have  shown  that  the  value  is  proportional  to  the  angle  of 
internal  friction  of  the  soil.  The  value  of  the  constant  of  proportionality  is  dependent 
upon  both  the  type  of  soil  and  the  type  of  material  comprising  the  surface  of  the 
structure. 

The  direct  shear  tests  performed  by  Clough  and  Duncan  (1969)  and  Peterson, 
Kulhawy,  Nucci,  and  Wasil  (1976)  have  shown  that  for  some  materials,  such  as  sand- 
to-concrete  interfaces,  the  interface  response  during  shear  is  nonlinear  and  dependent 
upon  the  normal  stress.  A  nonlinear,  stress-dependent  hyperbolic  curve  is  used  to 
represent  the  relationship  between  shear  stress  and  average  relative  shear 
displacement  developing  during  primary  loading  of  the  interface  (Figure  3a)  and  a 
linear  shear  stress-relative  displacement  response  during  unloading  or  reloading  of  the 
interface.  The  stress-dependent  value  of  k,,  is  computed  using  the  relationship 


where 


k,i  =  the  initial  interface  shear  stiffness 
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Rfl  =  the  failure  ratio 
SLj  =  the  stress  level 

The  initial  interface  shear  stiffness,  k,j,  is  equal  to 


Kj  =  the  interface  modulus  number 
=  unit  weight  of  water 
Oj  =  the  interface  modulus  exponent 
=  normal  stress 
P,  =  Atmospheric  Pressure 

The  proportion  of  mobilized  shear  strength  for  each  interface  element  is 
reflected  in  the  value  of  the  stress  level,  SLj.  SL|  is  equal  to  the  current  shear  stress, 
T ,  divided  by  the  shear  stress  at  failure, 


x^  is  computed  using  the  equation  above.  SLj  ranges  in  value  between  zero  and  one. 

The  failure  ratio,  R,i,  relates  the  ultimate  shear  stress,  x^,  to  the  shear  stress 
at  failure. 

V  = 


The  ultimate  shear  stress  is  the  asymptote  to  the  shear  stress-relative  shear 
displacement  hyperbola,  as  shown  in  Figure  4b.  Direct  shear  tests  on  sand-to- 
concrete  interfaces  by  Peterson,  Kulhawy,  Nucci,  and  Wasil  (1976)  have  shown  the 
value  of  R,i  typically  ranges  in  value  from  0.3  to  1 .0. 

The  relationship  between  the  average  normal  stress  along  the  interface  and  the 
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tensile  strength  is  shown  in  Figure  4b.  The  value  of  k„  is  a  constant  value  equal  to 
1X10®  when  is  greater  than  or  equal  to  o,.  If  is  less  than  o,,  then  k„  is  set 
equal  to  zero,  assuring  that  additional  tensile  stresses  do  not  accrue  upon  subsequent 
loadings.  This  procedure  allows  for  separation  to  occur  between  two  adjacent  regions 
of  the  mesh  along  interface  elements  during  the  course  of  an  incremental  analysis. 
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€ 

a.  Hyperbolic  representation  of  stress-strain  curve  for  primary  loading 


b.  Linear  unloading-reloading  stress-strain  relationship 


Figure  1.  Hyperbolic  model  for  stress-strain  behavior 
(after  Duncan,  Byrne,  Wong,  and  Mabry  1978) 
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a.  Bilinear  stress-strain  model  representing  interface  behavior 


b.  Hyperbolic  representation  of  the  variation  of  shear  stress  with  relative 
shear  displacement  =  tangent  interface  shear  stiffness, 

=  initial  interface  shear  stiffness) 

Figure  3.  Bilinear  and  hyperbolic  models  for  interface  shear  stress-relative  shear 
displacement  behavior  after  Clough  and  Duncan  (1969) 
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a.  Strength  criteria 


b.  Normal  stress-normal  relative  displacement  behavior 

Figure  4.  Interface  strength  criteria  and  normal  stress-normal 
relative  displacement  relationship 
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APPENDIX  D:  RE  ANALYSIS  OF  TRIAXIAL  TESTS 


Computation  of  Hyperbolic  Parameters 


1.020408  225  763926 
2.040816  359  823094 
4.081  633  573  486922 
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APPENDIX  E:  RESULTS  FOR  SOUTH  CHAMBER  WALL  AT  EISENHOWER  LOCK 
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APPENDIX  F:  RESULTS  FOR  NORTH  CHAMBER  WALL  AT  SNELL  LOCK 
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Figure  F2.  Distribution  ot  ''ortical  stresses  in  the  lock  wall 
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APPENDIX  G;  PETROGRAPHIC  EXAMINATION  RESULTS 


n.S.  Army  Engineer 
Vetervays  Experlnent  Station 
3909  Halls  Ferry  Road 
Vicksburg,  Mississippi  39180-6199 


Elsenhower  &  Snell  Locks 
October  20,  1991 
G .  Sam  Wong 


1.  Cores  from  both  Eisenhower  and  Snell  Locks  were  taken  for  evaluation  and 
examination.  Portions  of  two  cores  from  Eisenhower  and  one  from  Snell  were  selected 
for  petrographic  examination.  When  constructed  in  the  mid  SO's  the  two  structure  have 
been  subjected  to  similar  environmental  conditions  but  severe  deterioration  was 
noticed  in  the  concrete  of  Elsenhower  Lock  and  was  investigated  by  WES  and  reported 
by  Buck  in  1967,  "Investigation  of  Concrete  in  Eisenhower  and  Snell  Locks,  St. 

Lawrence  Seaway",  TR  No.  6-784.  The  current  investigation  also  compares  the  concrete 
from  the  two  structure. 

Santpl  P-S 

2.  Identifying  data  for  the  samples  are  shown  below: 


I Serial  No. 

Lock  Structure 

Description 

1  N-53-26-46 

Elsenhower 

North  side  of  lock.  Boring  No.  53,  Box 

26,  specimen  #46,  core  run  104.8-108.6 
ft.  Just  above  bedrock,  3610  psi 

S-17-7-14 

Elsenhower 

South  side  of  lock  Boring  No.  17,  Box  7, 
specimen  #14,  core  run  25.1-29.4  ft, 
upper  portion  of  lock,  5980  psi 

SN-S-15-1-50 

Snell 

South  side  of  lock.  Boring  No.  15,  Box 

1,  core  #50,  core  run  0-4.5  ft,  upper 
portion  of  lock,  7420  psi 

3.  The  as -received  pieces  of  core  were  examined  and  subsamples  were  cut 
longitudinally  and  surface  ground  prior  to  examination. 

a.  Pieces  were  examined  using  a  setereomicroscope . 

b.  Air  content  was  determined  using  automatic  image  analysis  system.  The  air 
voids  in  the  sample  were  enhanced  using  a  mixture  of  Ti02  and  grease  to  fill 
the  voids . 


Inspection  of  the  three  pieces  of  concrete  Indicated  the  following: 

a.  All  pieces  of  core  were  similar  in  appearance.  The  maximum  aggregate  size 
was  3  in.,  1.5  in.,  and  6  in.  for  samples  N-53-26-46,  S-17-7-14,  and  SN-S-15- 
1-50  respectively. 

b.  All  of  the  broken  surfaces  appeared  to  represent  fresh  fractures.  The 
breaks  tended  to  go  around  the  larger  coarse  aggregates  and  through  the 
smaller  coarse  aggregates .  Examination  of  freshly  broken  surfaces  made  during 
the  examination  also  indicated  similar  features. 


c.  The  concrete  was  air -entrained.  The  air  content  for  the  sanples  exanlned 
ranged  from  2.3  to  2.8  percent.  Figures  1,  2,  and  3  shows  good  distribution 
of  air  voids  In  the  paste  portion.  Figure  No.  2  Indicated  some  tendency  for 
air  voids  to  be  near  the  aggregate/paste  Interface  of  some  coarse  aggregate 
particles.  Because  of  the  relative  small  area  of  sampling  for  the  air  content 
determination,  the  low  air  content  of  the  concrete  Is  not  believed  to  be  of 
any  significance.  Previous  average  air  contents  reported  by  Buck  were  near 
3.5  percent  for  the  two  lock  structures. 

d.  The  concrete  contains  crushed  dolomite  coarse  aggregates  and  crushed 
dolomite  fine  aggregates.  Reaction  rims  were  not  fotind  In  any  of  the 
aggregate  particles.  No  other  deleterious  reactions  were  observed  In  any  of 
the  pieces  of  cores  examined. 

e.  Use  of  phenolphthaleln  Indicator  to  enhance  the  paste  portion  for  Image 
analysis  Indicated  no  carbonatlon  of  the  paste  as  the  entire  paste  portion  of 
the  concrete  turned  a  reddish  color. 

Stimmarv 

5.  Examination  of  two  pieces  of  cores  from  Elsenhower  Lock  and  comparison  with 
concrete  from  Snell  Lock  Indicated  that  concrete  from  both  structures  are  similar  and 
free  from  damaging  cement -aggregate  reactions  and  other  deleterious  reaction.  The 
concrete  from  the  two  structures  are  similar. 


